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Abstract 
 
Solution Characterization and Fabrication of Hydrogel Microstructures 
on an Optical Fiber 
 
Allison Paige Myers, PhD 
The University of Texas at Austin, 2018 
 
Supervisor: Jason B. Shear 
 
Sociomicrobiology has recently come to the forefront of bioanalytical research, 
primarily due to its physiological impact in the medical field. The interaction of bacterial 
cells in small, dense populations can reveal emergent properties of microbial communities, 
such as increased virulence and pathogenicity, as well as create a more accurate model for 
bacterial behavior in natural environments. Such systems are particularly relevant in mono- 
and polymicrobial communities, which exhibit social behaviors as well as the potential for 
symbiotic and/or adversarial interactions between species. The standard techniques for 
culturing bacteria lack the tools to provide adequate control over polymicrobial 
organization on a microscopic scale or to evaluate the spatiotemporal dynamics of bacterial 
interactions. Using our previously developed micro-3D printing platform, we can arrange 
cells in biocompatible, pico-liter sized containers, allowing us to overcome these prior 
spatial limitations. However, key questions still exist regarding the dynamics of 
 vii 
 
interactions between distinct cellular populations. This dissertation focuses on the 
development of a modified micro-3D printing platform that enables us to fabricate protein-
based structures around bacteria on the tip of a moveable substrate. Fabricating structures 
on moveable substrates such as a glass rod or optical fiber allows us to precisely tune where 
bacterial clusters are located in relation to varying stimuli and enables delivery of 
fabricated structures to remote environments such as chronic wounds. However, several 
challenges were faced in the development of this technique, such as optimization of 
fabrication solutions, successful layering of hydrogels of varying composition on glass 
rods, and creation of a custom-built fabrication setup for fabrication on optical fiber tips. 
Development of these techniques enables us to better appreciate the intricacies of 
sociomicrobial behavior and interactions, allowing for a better understanding of microbial 
responses leading to antibiotic resistance, and directing a better approach towards the 
treatment of various microbial infections. 
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Chapter 1:  Introduction 
1.1 SOCIOMICROBIOLOGY 
Sociomicrobiology is a field that has become of primary interest to many 
researchers, largely due to its implication in certain illnesses and physiological 
complications such as cystic fibrosis (CF), [1-2] nosocomial infections, [3-5] and antibiotic 
resistance. [6-12] Through the production, release, and uptake of various signaling 
molecules, bacteria within small, highly dense populations (≥ 150 cells) can engage 
quorum sensing (QS), [13] a density-dependent process during which phenotypic changes 
lead to increased pathogenicity. [2, 6, 14-16] More specifically, QS is a process that 
initiates the regulation of bacterial gene expression through diffusible molecules known as 
autoinducers, or AIs for short. [17] Upon interaction between these diffusible molecules 
and bacterial receptor proteins, genes that typically remain dormant in low-density 
populations become expressed, triggering global phenotypic changes that can manifest 
themselves as resistance to immune-cell attack, [18-20] antibiotic resistance, [21-22] etc. 
A visual representation of QS can be seen in Figure 1.1, with common QS molecules for 
the bacterium studied in this dissertation, Pseudomonas aeruginosa, depicted in Figure 1.2.  
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Figure 1.1: Illustrated Representation of Quorum Sensing 
Quorum sensing is the process through which bacteria undergo intra- and 
interspecies communication. [17] Through the production, release, and uptake of 
various signaling molecules, bacteria can respond to population density of their 
own bacterial cluster, or that of a neighboring colony. When a bacterial colony has 
reached a high enough density, the colony as a whole undergoes phenotypic 
changes. This is represented schematically with the single peach-colored bacterium 
becoming green as a result of differential gene regulation when integrated into a 
high-density population. This allows a dense group of bacteria to act as a whole, 
rather than many individual cells. 
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Figure 1.2: Common P. aeruginosa QS Molecules 
Common QS molecules for the opportunistic pathogen P. aeruginosa. 
Pseudomonas Quinolone Signal (PQS) and its precursor 2-heptyl-4-quinolone 
(HHQ) have been implicated in the suppression of host immune systems, thus 
increasing the bacterium’s pathogenicity. [23] N-butanoyl-L-homoserine lactone 
(C4-HSL) is implicated in biofilm formation. [24] 
 
P. aeruginosa is an opportunistic pathogen commonly implicated in ailments such as cystic 
fibrosis, bacterial pneumonia, and hospital-acquired infections. [1, 3-8] QS pathways 
commonly used by P. aeruginosa have been well documented, [2] giving a basis of 
understanding for what small molecules are used in both intra- and interspecies 
communication. These factors, combined with the ease with which green fluorescence 
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protein (GFP) can be inserted into the cell’s genetic code (allowing use of fluorescence 
microscopy), make it an ideal organism for the studies presented in this dissertation. 
Understanding the mechanism by which signaling molecules mediate the onset and 
progression of QS requires new technologies for controlling the size, shape, and 
organization of microscopic cellular communities in vitro. Traditional culturing 
techniques, such as macro-scale plate and batch-liquid methods, remain the standard 
methods used in microbiology labs. However, due to their macroscopic scales, these 
methods lack the ability to precisely control the organization of bacterial colonies. 
Consequently, this limits their clinical relevance in characterizing the onset of bacterial 
infections, which are often initiated by clusters of bacteria organized in small, highly dense 
(>108 cells/mL) aggregates. [11] Additionally, these traditional cell culturing methods are 
unable to precisely control the distance between two discrete colonies, a parameter that 
may play key roles in the propagation of cellular group behaviors. [12]  
Bacteria are known to engage in both synergistic and adversarial behaviors when 
located in close proximity to other bacterial species and/or eukaryotic, host cells. [3-5, 11-
12, 25-29] To examine this, the Shear lab previously studied and reported that small 
aggregates of Staphylococcus aureus, a gram-positive bacterium known for its high 
responsivity to ampicillin, derives large protective advantages when embedded in dense 
populations of gram-negative, ampicillin-resistant P. aeruginosa. [28] However, these 
same species quickly engage in competition when grown together in planktonic culture, 
with P. aeruginosa rapidly killing off S. aureus. [29] P. aeruginosa engages in chemical 
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warfare against species competing for the same resources, lysing competing cells through 
production and release of various bacterial toxins, including pyocyanin. [30-33] While the 
importance of such interactions is well known, key questions still exist regarding the 
relationships between both the composition and spatial organization of complex bacterial 
communities and the importance of different types of social interactions.  
A number of technological advantages in bacterial culture have been used to 
investigate polymicrobial interactions on a systematic and physiologically relevant level. 
Microfluidic strategies have been used to evaluate signaling capabilities between bacterial 
aggregates, as well as investigate the action of chemotactic factors towards microbial 
environments. For example, a microfluidic platform to study spatial organization within a 
bacterial monoculture was created using flow cells of different geometries. [34] While 
these studies provide valuable information regarding the self-organization capabilities of 
bacteria, they are limited with regards to closely representing real biological environments. 
Chemical interactions between multiple microbial species have also been examined, 
including studies in which colonies of different species were physically isolated in adjacent 
flow cells in an arrangement that permitted chemical communication between cells. [35-
37] By allowing cells to communicate while maintaining physical isolation of each species, 
interspecies competition over nutrients and resources can be avoided, which creates a more 
realistic representation of how bacteria interact in non-artificial environments. 
Although such platforms have enabled more detailed studies of some key variables 
influencing bacterial interactions on microscopic scales, these systems do not provide 
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capabilities for systematically characterizing bacterial social behaviors. Flow cells of 
varying geometry can be constructed, but do not provide the precise, spatiotemporal control 
needed to understand the response dynamics of defined, ultralow volume bacterial 
populations. Additionally, most microfluidic and hydrogel platforms employ materials of 
low physiological relevance, such as PDMS. While these materials are generally 
biocompatible, in that they do not cause visible cellular damage, they lack key chemical 
and physical properties of many natural environments. [35-37] To address these 
limitations, the Shear lab has reported a strategy for investigating bacterial interactions 
based on a micro-3D printing technique that enables fabrication of microscale structures 
around bacteria of interest using a photocrosslinkable protein matrix. These structures are 
biocompatible and porous in nature, allowing for the diffusion of solutes such as nutrients, 
waste products, and signaling molecules. Therefore, this technology can be used to create 
in vitro microbial models that more closely mimic physiological conditions. [38] 
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1.2 MULTIPHOTON LITHOGRAPHY 
1.2.1 Multiphoton Excitation 
The micro-3D printing technique mentioned previously utilizes mask directed 
multiphoton lithography. [38] Multiphoton lithography (MPL) is dependent on non-linear 
multiphoton excitation, or the nearly simultaneous excitation of two or more low-energy 
photons, as depicted in Figure 1.3.  
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Figure 1.3: Jablonski Diagram Showing Progression of Single to Multiphoton 
Excitation and Relation to Rose Bengal’s Excitation and Production of 
Singlet Oxygen 
Multiphoton excitation occurs upon the near-simultaneous absorption of two or 
more photons. Compared to single photon excitation (1PE), in which a single 
photon bridges the entire energy gap between S0 and S1, two photon excitation 
(2PE) and, more generally, multiphoton excitation (MPE; involves two or more 
photons) traverse the energy gap in an additive manner. For example, absorption of 
two photons can traverse the energy gap provided that each photon has half the 
required energy and satisfies relevant two-photon selection rules. Commonly, this 
process is represented as a photon passing through a “virtual” state, as depicted by 
gray dotted lines, which exist for periods of time on the femtosecond scale. Through 
this process the photosensitizer Rose Bengal is also excited from S0 to S1, indicated 
by the progression of RB to 1RB. Then, 1RB undergoes intersystem crossing to the 
T1 level, after which 
3RB catalyzes a Type II mechanism required to generate the 
singlet oxygen necessary to facilitate protein photocrosslinking. 
 
For multiphoton absorption to occur, two or more photons must interact with a 
chromophore within femtosecond time frames, making the phenomena extremely rare 
under normal conditions. [39] However, this probability can be significantly increased 
through the use of a pulsed, femtosecond laser and an objective of high numerical aperture 
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(NA), which in combination allow for spatiotemporal focusing of discrete, extremely high-
intensity packets of photons within a three-dimensional volume (~1 µm3) centered around 
the laser focal point. Due to the nature of this process, extremely high instantaneous 
intensities (~1011 W cm-2) can be generated using a time-averaged laser power of tens of 
milliwatts.  
Unlike single photon absorption, in which molecules are excited equally in each 
plane along the entire optical axis (assuming low optical densitites), multiphoton 
absorption results in localized excitation of molecules at the focal point, thus constraining 
the MPL process to take place in a highly localized 3D position. The photonic absorption 
mechanism can be described analogously to a chemical reaction using Equation 1.1, in 
which M and M* represent the ground and excited states of the molecule, hυ represents a 
photon, and n represents the number of photons absorbed to bridge the gap from ground to 
excited state. 
 𝑀 + 𝑛(ℎ𝜐) ⇋ 𝑀∗                  (Eqn. 1.1) 
The rate of reaction for the formation M* is described using Equation 1.2, a derivation in 
which k represents the rate constant, I is instantaneous intensity of the excitation light 
(photons s-1 cm-2), and δ is the excitation cross-section (cm2n(s/photon)n-1). 
𝑑[𝑀∗]
𝑑𝑡
= 𝑘[ℎ𝜐]𝑛[𝑀] = 𝛿𝐼𝑛[𝑀]     (Eqn. 1.2)  
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1.2.2 MPL of Biocompatible Substrates  
Biocompatible hydrogel substrates have been utilized in a wide variety of 
multiphoton lithography applications. [40-42] For biological applications, proteins capable 
of undergoing natural and photosensitizer-mediated photocrosslinking reactions are natural 
candidates for MPL. Prior studies exploiting these properties have included proteins such 
as bovine serum albumin, [41-43] avidin, [44] and fibronectin [45]. Following excitation 
photosensitizers release energy and catalyze reactions via two mechanisms, Type I, in 
which the photosensitizer interacts with the substrate to produce free radicals, or Type II, 
where the photosensitizer produces singlet oxygen. Both mechanisms facilitate 
crosslinking of oxidizable protein residues. [46] 
The Shear lab has developed a dynamic, mask-based lithography technique for 3D 
printing of these biocompatible protein hydrogel substrates. [38] A simplified schematic of 
this technique is depicted in Figure 1.4. A more detailed explanation and schematic of the 
micro-3D printing process can be found in Section 2.2.5 of this dissertation.  
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Figure 1.4: Simplified Schematic of Dynamic, Mask-Based MPL 
The output of a 5W pump laser is directed into a titanium sapphire (Ti:Sapph) 
cavity, allowing the beam to be mode-locked and tuned to 740 nm. Upon exiting 
the Ti:Sapph cavity, the beam is attenuated using a half wave plate (HWP) and 
polarizing beam splitter (pBS) before being focused, collimated, and directed using 
a series of mirrors and lenses. Here, the beam is directed to a pair of scan mirrors, 
which is focused on and raster scanned across the face of a digital micromirror 
device (DMD) displaying a dynamic mask. As the beam exits the DMD, it passes 
through an additionally series of lenses and mirrors to expand and overfill the back 
aperture of a high numerical aperture (NA) objective. Fabrication occurs at the focal 
point of the objective, which is positioned in a plane conjugate to the DMD plane, 
identified by the dotted line. This configuration allows patterns displayed on the 
DMD to be transferred in a one-to-one correspondence as an exposure pattern at 
the objective focal plane. 
 
Previous members of the Shear lab have utilized micro-3D printing to precisely organize 
polymicrobial communities within pico-liter sized containers that provide physiologically 
and clinically relevant chemical and physical growth conditions. [8] The platform has 
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provided new capabilities for examining the role of spatial factors on various bacterial 
responses, including the onset of QS, [13] antibiotic resistance, [14] polymicrobial 
interactions, [28] and creation of and response to oxygen limitation. [47] 
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1.3 HYDROGEL PROPERTIES AND USE IN FABRICATION 
The term “hydrogel” describes a water-rich substrate, often composed of polymeric 
networks with strong hydrophilic properties. These hydrophilic properties commonly stem 
from hydrophilic functional groups located along a polymeric backbone, which allow for 
absorption of water into the substrate. [48] Hydrogels can be divided into two categories, 
natural and synthetic. Synthetic polymers are composed of materials such as polyethylene 
glycol (PEG), [49-51] while natural hydrogels are derived from biological substances 
including proteins and polysaccharides such as collagen, [52] alginate, [53] and BSA. [38, 
43, 54] Many hydrogels also have highly tunable physical and chemical properties, 
allowing substrates to be manipulated via exposure to elements such as light [55] or heat. 
[14, 56] 
 In hydrogel studies incorporating living organisms, natural hydrogels are often 
employed to maintain strong biomimetic properties. Hydrogels can be fabricated from 
materials derived from both plants [57] and animals [54] and have been used to create 
substrates with high biocompatibility and functionality for a wide range of both 
mammalian [58-59] and bacterial cells. [8, 11, 14, 28] These properties also make them 
ideal candidates for tissue engineering applications. [60-62] As discussed in the previous 
section, it is possible to fabricate hydrogels using MPL via crosslinked mediated by a 
photosensitizer. In an early demonstration, Pitts et al. used multiphoton lithography to 
fabricate protein substrates into submicron, free-form structures such as pyramids and 
microchannels. These studies utilized a femtosecond Ti:Sapph cavity pumped by an argon 
ion laser, which was then directed into a laser scanning confocal microscope with an 
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average fabrication power of 120 mW. Structures were fabricated out of BSA and 
fibrinogen, with Rose Bengal acting as a photosensitizer. While structures were 
successfully fabricated using both protein substrates, Pitts et al. could only hypothesize as 
to what the protein’s reactive species was, concluding that tryptophan, tyrosine, and 
histidine residues appeared most advantageous for cross-linking purposes. [63] 
 Within the past decade, the Shear lab has used MPL of hydrogels almost 
exclusively for cell-based studies. In 2008, Drs. Rex Nielson and Bryan Kaehr developed 
a dynamic-mask-based multiphoton lithography technology has formed the basis of this 
work. By integrating an automated, dynamic mask into the fabrication setup, lithography 
transitioned from being a time-intensive technique to a rapid process capable of building 
complex cellular scaffolds with submicron features within minutes. [38] This increase in 
fabrication speed is especially important in cellular studies, during which exposure to 
cytotoxic elements such as activated photosensitizers should be kept to a minimum. Since 
the creation of this technique, members of the Shear lab have used naturally-derived 
hydrogels in the fabrication of microfluidic devices, [64] scaffolding for mammalian cell 
guidance, [65] and traps for the study of bacterial communities. [8, 13-14, 28, 47] 
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1.4 APPLICATION OF OPTICAL FIBERS IN FABRICATION AND SENSING 
One critical limitation of the current micro-3D printing platform is the need to affix 
structures to static substrates, such as coverslips. Many bacteria are highly social with the 
ability to self-regulate and form complex polymicrobial communities. These polymicrobial 
communities require distinct spatial awareness from all bacterial species, as slight changes 
in distance between two neighboring microbial clusters could result in a behavioral shift 
from synergistic to adversarial. For example, Aggregatibacter actinomycetemcomitans and 
Streptococcus gordonii are two bacteria commonly found in close proximity within the 
oral cavity. This occurs as a result of S. gordonii producing the preferred carbon source for 
A. actinomycetemcomitans, L-lactate. However, S. gordonii also produces high levels of 
hydrogen peroxide (H2O2), commonly used in microbial chemical warfare. To maximize 
exposure to L-lactate while minimizing exposure to H2O2, A. actinomycetemcomitans has 
been shown to precisely position itself at an optimal distance of ~4 µm. [66]  
Restriction of MPL to static substrates prevents studies from being conducted that 
might examine the role of dynamic positioning regarding clinically relevant bacterial 
aggregates, such as those in chronic wounds or suspended within the CF lung matrix. 
Without understanding how bacteria spatially orient themselves to create synergistic 
polymicrobial communities, there will continue to be a lack of knowledge over factors 
increasing virulence of polymicrobial infections. Thus, key questions remain regarding 
dynamic interactions between distinct cellular populations, as well how to integrate these 
structures into both in vitro and in vivo environments.  
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This dissertation proposes a solution for these limitations by extending our current 
micro-3D printing technology to enable fabrication of structures directly onto fiber tips, 
thus allowing us to precisely tune where clusters are in relation to varying stimuli, including 
those in remote environments. This expansion of the currently used technology provides a 
means to study the spatiotemporal interactions between distinct cellular populations 
through dynamic positioning of the fiber tip with regards to bacterial microclusters of 
interest. 
Microfabrication on an optical fiber is not a new phenomenon, as techniques based 
on e-beam lithography, [67] etching, [68], and patterned photoresist [69] have been 
previously reported. The first published studies using two-photon lithography to fabricate 
materials on an optical fiber was reported in 2009 by Cojoc et al, [70] who reported 
fabrication of micro-optic structures (such as a convergent and axicon lens) using a piezo-
stage and commercial UV curing adhesive. Advancements since this initial study in the use 
of MPL on optical fiber tips have included the use of mode field expansion for centering 
of fabricated structures on the fiber core, [71] as well as fabrication of antireflection 
gratings [72] and near-field probes [73] via nanoimprint lithography. In terms of 
multiphoton fabrication, most experimental techniques rely on photoresist for the 
polymerization of various 3D architectures. [74, 77] Although the fabrication of 3D 
structures on fiber tips has been demonstrated, this dissertation reports the first fabrication 
of biocompatible bacterial enclosures on the core of an optical fiber. 
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Optical fibers have also been used extensively in the field of biosensors, utilizing 
phenomena such as nanoplasmonics, photonic crystals, and SERS. [74] Sensors integrated 
onto the tip of the fiber have been of particular interest due to optical fibers’ inherent ability 
to couple light and transmit information across long distances. Data transmission through 
an optical fiber is achievable through exploitation of total internal reflection. Total internal 
reflection is a phenomenon that occurs when light is travelling through one medium and 
approaches a medium of lesser refractive index. Instead of refracting through the interface 
into the neighboring medium, the light reflects internally. [75] With regards to optical 
fibers, this internal reflection allows data (transmitted as light) to remain within the fiber 
core for long distances with minimal signal attenuation, as depicted in Figure 1.5. 
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Figure 1.5: Simplified Schematic of Total Internal Reflection in Optical Fiber 
An optical fiber is composed of three distinct layers, the core, cladding, and coating. 
The core is traditionally composed of silica, while the cladding is composed of 
silica doped with a low-loss dopant like germanium (GeO2). [76] This doping 
results in the cladding possessing a lower refractive index than the core, facilitating 
total internal reflection of all light modes entering the core. Additionally, the low-
loss characteristic of the dopant results in minimal attenuation of the light travelling 
down the core. To protect the two glass layers a protective coating is added, usually 
composed of a polymer such as acrylate. 
Regarding the integration of fiber optics into biological sensing, most cell-based 
sensors have relied on complete cellular immobilization on the fiber tip. [78-80] While 
these advancements have successfully collected data in the form of transmitted cellular 
fluorescence, the process of immobilizing cells can result in significant changes in 
metabolic activity, potentially halting cell growth. Additionally, the matrices currently 
being used, such as calcium alginate, are susceptible to degradation and dissolution into 
the environment being studied. This is undesirable for many reasons, including 
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introduction of potentially pathogenic bacteria to in vivo or in vitro settings, as well as the 
need to repeatedly reinforce the sensing matrix. [78]  
Thus far, these immobilization techniques have had little to no control over the 
density or distribution of sensing cells on the fiber tip. This creates inconsistencies from 
one sensor to the next, and limits how well sensors can mimic the small, highly dense 
bacterial aggregates required for QS. [13] This limits the ability to study how dynamic 
changes between two bacterial clusters of physiologically relevant size impact factors such 
as virulence and antibiotic resistance. Precise capture (rather than immobilization) of cells 
on a fiber tip will allow for in vivo and in vitro studies to occur without the threat of cross-
contamination from the fiber to the system being studied. These studies may include, but 
are not limited to, dynamic distance studies within polymicrobial communities, 
perturbation of local environments without further infection, and real-time fluorescence 
and/or luminescence sensing using the data transmission capabilities inherent of optical 
fibers. 
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1.5 OVERVIEW OF CHAPTERS 
This dissertation describes the characterization of hydrogels composed of varying 
concentrations of BSA, gelatin, and Rose Bengal (RB), and how these hydrogels can be 
customized for cell-based experiments. In Chapter 2, the relationship between gelatin 
concentration and melting temperature is determined, as well as cytotoxic effects of 
increasing amounts of RB towards a model organism, Pseudomonas aeruginosa. These 
studies allow hydrogels to be optimized for any cell-based experiment with regards to a 
cell’s optimal growth temperature and susceptibility to photosensitizers. In Chapter 3, 
information from Chapter 2 is utilized to create hydrogels with markedly different melting 
temperatures, which are then layered and utilized for the controlled release of fabricated 
structures. Hydrogels are also optimized for fabrication on the core of an optical fiber in 
Chapter 4, allowing for reproducible fabrication of structures of different size and shape 
while maintaining biocompatibility with regards to the organism being studied, P. 
aeruginosa. This chapter details the transition from fabricating on a static coverslip to a 
deployable fiber tip, greatly expanding our ability to study bacterial interactions in remote 
environments. Lastly, Chapter 5 details future work that can build upon the research 
presented in this dissertation, including controlled release of recaptured of bacteria-
containing structures to remote environments, spatiotemporal studies of polymicrobial 
interactions, and real-time sensing through the optical fiber of bacterial activity via 
fluorescence detection. 
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Chapter 2:  Characterization of Hydrogels for Micro-3D Printing of 
Biological Environments. 
2.1 INTRODUCTION 
Hydrogel technology has emerged over the past two decades as a leader in the 
creation and engineering of biocompatible tissues. [1-5] Due to their relatively high water 
content, [6] responsivity to various environmental stimuli, [6-12] and ability to be derived 
and/or synthesized from natural materials, [11-19] hydrogel materials have highly 
desirable characteristics for incorporation into physiological studies. Often referred to as 
“functional materials” due to their highly tunable nature, hydrogels allow researchers to 
gain dynamic control over properties such as material stiffness, swelling, and 
electroaddressability. [20-23] These properties can be “tuned” through changing 
environmental factors like temperature, [10-12] ionic strength, [8] and pH. [7-9] Such 
hydrogels can be used in a wide variety of applications, including drug delivery [16, 24-
26] as well as the creation of 3D cell scaffolding. [17, 18, 27-30] 
Hydrogels have also been used in a variety of ways to investigate sociomicrobial 
interactions. One such study utilized alginate/Ɛ-poly-L-lysine microcapsules to investigate 
how spatial distribution of Vibrio harveyi impacted QS, discovering that larger aggregates 
of cells exhibited enhanced QS when compared to smaller aggregates or planktonic cells. 
[31] Additionally, supramolecular-polysaccharides, [32] functionalized alginate, [33] and 
alginate/chitosan complexes [34] represent just a few of the many other hydrogels types 
that have been used in studies of microbial behavior. 
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To successfully perform cell-based studies, physiological conditions such as 
temperature must be maintained to promote cell growth and normal cell behavior. 
Depending on the cell type being studied (either mammalian or bacterial), the optimal 
growth temperature varies. While marine bacteria from temperate waters have optimal 
growth at temperatures between 10-20 ºC, [35] bacteria that act as human pathogens, such 
as Pseudomonas aeruginosa, have an ideal growth temperature that more closely matches 
human physiological temperature, ~37 ºC. [36-37] Similarly, mammalian cells are grown 
at 37 ºC in 5% CO2 to closely mimic the physiological conditions of human blood, as well 
as serve as a buffer to maintain pH. [38] Using these growth parameters as a guide, 
hydrogels being used in cellular studies must have a melting temperature below the ideal 
growth temperature of the cells being studied.  
Maintaining hydrogels with relatively low melting temperatures when compared to 
ideal cellular growth temperatures is particularly important with regards to bacterial studies 
in the Shear lab. In both past and present micro-3D printing experiments, bacterial cells are 
introduced into a hydrogel matrix via deposition of small volumes of liquid cell culture 
into larger volumes of hydrogel. [53, 58] As the inclusion of gelatin in the hydrogel matrix 
results in thermal setting upon cooling to room temperature, hydrogels require pre-heating 
to ensure homogeneous dispersal of bacteria throughout the hydrogel solution. Then, upon 
setting, bacteria become temporarily immobilized, assisting in capture of bacteria during 
fabrication. Following fabrication, the hydrogel must be heated again to allow for melting, 
rinsing, and removal of uncrosslinked hydrogel. If the heat required for melting and rinsing 
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away excess hydrogel exceeds the ideal growth temperature of the bacteria being studied, 
this process could cause cells to enter heat shock, potentially resulting in cell death. [38-
41] 
Photosensitizers are commonly used to initiate covalent crosslinking of oxidizable 
protein residues during multiphoton lithography. While photosensitizers are a key 
component of these studies, they also exhibit cytotoxicity towards cells once certain 
concentration levels are surpassed. [42-43] A common photosensitizer, and the one used 
in all studies presented in this dissertation, is Rose Bengal. Rose Bengal is capable of 
undergoing two reaction mechanisms, one that produces radical products like hydroxyl 
(Type I) and one that creates reactive singlet oxygen species (Type II). [44] These studies 
utilize the Type II reaction, which promotes crosslinking of amino acid residues, 
particularly His-His. [45] This photosensitizer is commonly used to induce phototoxicity 
against both mammalian and bacterial cells, and has proven to be successful on both counts. 
[43-44, 46-47] However, when used to photocrosslink protein hydrogels in the presence of 
cells (such as studies conducted by the Shear lab), attempts must be made to minimize the 
cytotoxic effects of this photosensitizer to favorably create a biocompatible platform in 
which bacterial and mammalian cells can maintain high cell viability. 
In the Shear lab, multiphoton lithography has been used to fabricate hydrogels 
based on intermolecular crosslinking of BSA for a variety of applications, including (a) the 
creation of complex, unconstrained 3D microstructures, [48] (b) directing mammalian cell 
growth and migration, [49-51] and most recently, (c) the capture and study of bacterial 
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microclusters. [52-58] In addition to creating thermally set reagents, the incorporation of 
gelatin into the hydrogel matrix creates a more versatile platform in which fabricated 
structures exhibit better adherence to coverslip substrates onto which they are fabricated, 
thus allowing greater complexity and elasticity with regards to structural design. [54, 58] 
Additionally, varying gelatin concentration allows for tunability of uncrosslinked hydrogel 
melting temperatures, where an increase in gelatin concentration corresponds to a 
subsequent increase in melting temperature. [59] As the research presented in this 
dissertation expands upon prior work surrounding growth and behavior of the opportunistic 
pathogen P. aeruginosa, hydrogels were optimized and characterized in detail in order to 
maintain maximum compatibility with Pa01, the strain used in all studies detailed hereafter. 
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2.2 MATERIALS AND METHODS 
2.2.1 Materials 
Tryptic soy agar (TSA, R455002) and tryptic soy broth (TSB, 8053765) were 
purchased from Remel and EMD Millipore, respectively. Gelatin type A from porcine skin, 
60 Bloom (160304) and Gelatin type A from porcine skin, 300 Bloom (9000-70-8) were 
purchased from EMS and Sigma, respectively. Bovine serum albumin (BSA, 9048-46-8) 
was obtained from Equitech Bio. Rose Bengal (RB, 632-69-9), carbenicillin disodium salt 
(BP2648-1), BupH phosphate buffer saline (PBS) packs (28372), microscope coverslips 
(#1 borosilicate, 22x22, Lab-Tek), and eight-well chambered coverslips (#1 borosilicate, 
25x57, Lab-Tek) were purchased from Thermo Fisher Scientific. All reagents were stored 
and used according to supplier specifications.  
2.2.2 Bacteria Strain and Culture 
Wild-type P. aeruginosa strain Pa01, constitutively expressing green fluorescent 
protein (GFP) from plasmid pMRP9-1, was used in all toxicity studies. The plasmid was 
maintained using TSA plates containing 100 µg/mL carbenicillin. Planktonic cultures were 
grown aerobically overnight at 37 °C on a shaker set to 250 rpm, using the original culture 
plate to seed cells into a culture tube filled with 4 mL TSB. Following overnight culture, 
cells were diluted 1:50 into a fresh culture tube and allowed to grow on the shaker for an 
additional 2 h. in order to reach the desired experimental cell density of ~0.3 at OD600 
(absorbance at 600 nm). 
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2.2.3 Hydrogel Preparation 
Hydrogels were prepared using TSB, gelatin, BSA, and RB. All solutions used for 
melting temperature studies were composed of 250 µL TSB, 5 mM RB, 40 mg/mL BSA, 
and one of six different gelatin concentrations (75, 100, 125, 150, 175, or 200 mg/mL). 
Solutions used for toxicity studies were composed of 440 µL TSB, 40 mg/mL BSA, 200 
mg/mL gelatin, and one of six different RB concentrations (5.5, 6.5, 7.5, 8.5, or 9.5 mM).  
To begin hydrogel preparation for melting temperature studies, 10 mg RB were 
added to 2 mL of TSB and placed in a heated sonicator set to 60 ºC for 1 h. to facilitate 
complete dissolution of the photosensitizer. Upon completion in the sonicator, 250 µL 
aliquots of photosensitizer/TSB solution were added to six 1.5 mL Eppendorf tubes, 
followed by the addition of 10 mg BSA to each tube. Then, the appropriate amount of 
gelatin was added to each tube to reach the desired concentrations listed previously. 
Hydrogels were vortexed for 30 s before being placed in an oven set to 60ºC to facilitate 
complete dissolution of BSA and gelatin. Lastly, all tubes were placed on a heated shaker 
set to 37ºC for at least 45 min to encourage complete mixing and homogeneity of the final 
hydrogel solutions.  
Hydrogel preparation procedures for toxicity studies were essentially identical, 
differing only in initial solution volume (from 250 µL to 440 µL) and variation of RB 
concentration as opposed to gelatin concentration, which was held constant at 200 mg/mL 
for all solutions. 
 33 
 
2.2.4 Melting Temperature Protocol 
Melting temperatures were determined using a custom-built setup consisting of a 
Corning PC 420 stirrer/hotplate, Fluke 179 True RMS multimeter and thermocouple, small 
glass petri dish, and 1 cm stir bar, shown in Figure 2.1.  
 
Figure 2.1: Melting Temperature Determination Setup 
A droplet of solution is placed just off center of a small glass petri dish and allowed 
to cool for 10 min under ambient conditions to ensure full gelation occurs. The petri 
dish is then filled with enough buffer to fully submerse the gelled droplet, and the 
petri dish is placed on the hot plate. A small stir bar is added and the dish is 
manually adjusted so the stir bar does not impact the droplet while stirring. The stir 
strength was set to an intermediate value, and the heat was adjusted to a low setting, 
allowing the buffer solution to increase in temperature ~0.1 °C every 30 seconds. 
A final melting temperature is recorded when strands of droplet detach from the 
main droplet and begin to flow away with the current of the stir bar. 
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A small droplet (~30 µL) of solution was pipetted into the center of a small glass petri dish 
and allowed to cool for 10 min to reach full gelation. Then, the petri dish was filled with 
enough PBS to fully submerge the droplet and the dish was placed on a hotplate. A stir bar 
was added and positioned so it was close to, but not touching, any part of the droplet, and 
set to a medium stir speed. A thermocouple was introduced on the side of the droplet 
opposite the stir bar and placed in such a way that it was fully submersed in the buffer, but 
did not touch the bottom of the hotplate. The heating element was turned on to a low enough 
setting that the temperature of the PBS solution increased ~0.1 ºC every 30 seconds. The 
droplet was observed over time until it began to dissolve, which exhibited as trails of pink 
solution detaching from the original droplet. Once the first of these trails appeared, the 
temperature displayed on the thermocouple was recorded as the melting temperature of the 
solution. The hotplate and glass petri dishes were allowed to return to ambient temperature 
before testing a new solution droplet. Data for 300 Bloom solutions were collected and 
provided courtesy of Mignon Fitzpatrick. 
2.2.5 Fabrication Setup 
Microstructures for toxicity studies were fabricated on the untreated surface of an 
eight-well chambered coverslip. In order to fabricate the photo-crosslinked protein 
structures, a dynamic mask-based multiphoton lithography technique was used. [23] This 
technique employs a focused, femtosecond, mode-locked titanium:sapphire (Ti:Sapph) 
laser (Tsunami, Spectra Physics) tuned to 740 nm, where the output beam is directed onto 
a pair of galvanometer-driven scan mirrors (GVS002, Thor Labs), which raster scan the 
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laser beam onto the surface of a digital micromirror device (DMD, BenQ SVGA) modified 
by Tim Hooper. The DMD acts as a dynamic mask and displays intensity masks 
representing sequential slices along the z-axis of the structure being built over the course 
of fabrication, allowing for the creation of 3D structures in a layer-by-layer fashion. The 
reflected beam is then expanded and collimated to overfill the back aperture of an oil-
immersion objective (Olympus UPlanApo 100X 1.35 NA) secured to an inverted 
microscope (Zeiss Axiovert 135). A schematic of the optical table setup is depicted in 
Figure 2.2. 
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Figure 2.2: Optical Setup for Dynamic Mask-Based Multiphoton Lithography 
The output of a 532-nm Nd:YVO4 laser is used to optically pump a titanium 
sapphire (Ti:Sapph) oscillator, producing a mode-locked and femtosecond pulsed 
beam tuned to the desired near-IR wavelength, 740 nm. The Ti:Sapph, the beam is 
attenuated using a half wave plate (HWP) and polarizing beam splitter (pBS) before 
being collimated using two telescopic lenses (TL1 and TL2). The beam is then 
directed at a pair of galvo-driven scan mirrors (located in the scan box) which raster 
scan the beam as it is focused on the face of a digital micromirror device (DMD). 
Between the scan box and the DMD, the beam is expanded using a set of lenses (L1 
and L2), focused on the surface of the DMD using L3, and expanded to overfill the 
back aperture of the microscope objective using L4. Periscopic mirrors PM1 and 
PM2 allow the beam to be raised to the height of the microscope input and dichroic 
mirror (DM). The beam is directed and aligned through these elements using a 
combination of mirrors (M1-M8) and irises (I1-I3). The focal lengths of each lens 
are as follows: TL1 and TL2: F = 2”, L1 and L2: F = 4”, L3: F = 15 cm, L4: F = 20 
cm. 
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A binary mask sequence generating a square-to-dome shaped structure (Figure 2.3) was 
used in conjunction with the DMD to create 3D cellular enclosures.  
 
 
Figure 2.3: Schematic of Square-to-Dome Structure 
Side view of trap used for all bacterial toxicity studies. Base of trap is square before 
gradually merging into a domed, flat-top roof. Traps were centered around a single 
or dividing bacteria, giving an initial population of ≤ 2 bacteria/trap. Approximate 
volume of inner cavity is ~1 pL. 
 
Each mask was created using the ImageJ macro language. Structures were 
fabricated in a layer-by-layer fashion in which each sequential binary mask represents one 
layer of the final structure. Structures were printed at a rate of 5 seconds per plane, where 
display of sequential masks were synchronized with a motorized focus driver (H122, Prior 
Scientific) to raise the stage by 0.5 µm optical axis steps per plane. An average laser power 
of 40 mW (measured at the back aperture of the objective) was used during fabrication. 
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Each structure was composed of 24 binary masks and took approximately two minutes to 
fabricate. 
2.2.6 Toxicity Study Protocol 
Prior to fabrication, each hydrogel solution was diluted with 60 µL of bacteria 
suspended in TSB and mixed thoroughly at 37 °C on the heated shaker. A small droplet of 
each solution was placed in its own individual well of an eight-well chambered coverslip. 
The chambered coverslip was secured utilizing masking tape to the microscope stage insert 
and solution droplets were allowed to cool for 5-10 minutes prior to fabrication. Upon 
location of either a single or dividing cell, the first slice of the square-to-dome mask was 
centered over the cell, the microscope focused at the surface of the coverslip (to ensure 
anchoring of the structure to the glass), and fabrication was initiated via customized 
LabView software. Five structures were fabricated per well. If needed, a small volume of 
TSB was introduced into each well to maintain hydration during the fabrication procedure. 
Following fabrication, ~500 µL of room temperature TSB was added to each well 
before placing the chambered coverslip in an incubator set to 37ºC for at least 45 minutes 
allowing the un-crosslinked hydrogel to melt. Then, the melted hydrogel was rinsed out of 
each well using multiple aliquots of fresh TSB warmed to 37°C. All crosslinked structures 
remained adhered to the coverglass. The trapped cells were counted immediately following 
rinsing to obtain a 0-hr population, then placed back in the incubator. Cell counts were 
taken at the 1, 2, and 4-hour time points for each structure, during which cell motility was 
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observed as an indicator of overall cell health. Cell counts were averaged and used to 
calculate the estimated generation time for each population using Equation 2.1 
 
𝑁 = 𝑁𝑜𝑒
𝑘𝑡                        (Eqn 2.1) 
 
where N represents bacteria population at the end time-point, No represents the initial 
population of bacteria, and k represents the exponential growth rate, and t represents the 
time elapsed. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Hydrogel Characterization for Micro-3D Printing 
 Since 2010, most micro-3D printing studies conducted by the Shear lab have 
utilized a hydrogel solution composed of varying concentrations of gelatin, BSA, and RB. 
[52-58] These studies have encompassed a wide range of applications with regards to 
bacterial interactions, ranging from determining the minimum cell population required to 
initiate antibiotic resistance [52] to studying the onset of quorum sensing via scanning 
electrochemical microscopy (SECM). [56-57] These experiments require biocompatible 
conditions for the bacteria being studied. Therefore, they must take into account hydrogel 
characteristics such as melting temperature and cytotoxicity, which could potentially 
impact cell viability to a significant degree. 
The pathogenic bacterium used in these studies, P. aeruginosa, has an optimal 
growth temperature of 37 ºC, which aligns with the typical human body temperature. [36-
37] Thus, an ideal fabrication solution for these studies would have a markedly lower 
melting temperature than 37 ºC, as this allows the bacteria to grow at their desired 
temperature while the un-crosslinked gelatin melts and is rinsed away. As the 
melting/rinsing process usually takes 45-60 minutes, it is vital to keep the cells at or below 
their ideal growth conditions in order to avoid heat shock over this extended period of time. 
The cytotoxicity of photosensitizers towards both mammalian and bacterial cells is 
well documented and has been repeatedly demonstrated as an effective means to inactivate 
mutated or highly resistant cells. [43-44, 46-47] While this distinctive feature presents 
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exciting opportunities in the treatment of disease and infection, it poses a significant 
problem for studies in which minimal impact on cell viability is desired. Methods such as 
cell conditioning [54] and using the lowest possible RB concentration while maintaining 
high fabrication integrity have been used, but no formal study on how bacterial cell health 
is impacted by RB concentration when used as a photosensitizer in multiphoton 
lithographic reagents, and in the lithographic process itself, has been undertaken.  
With every hydrogel component possessing unique physical properties, the ability 
to characterize each individually and gain greater control over factors such as toxicity and 
melting temperature is greatly advantageous for cell-based experiments. For the current 
studies, all hydrogels used TSB as the bacterial, liquid-growth medium, which assists in 
maintaining cell viability when bacteria are introduced and mixed into the solution 
immediately prior to fabrication. However, it should be noted that depending on what the 
hydrogel is being used for, a variety of different liquids could be used as a liquid medium, 
including phosphate-buffered saline (PBS), LB (Lysogeny broth), and HEPES buffers.  
2.3.2 Melting Temperature Trends 
The range of gelatin concentrations chosen for this study were selected based on 
previous studies, where hydrogels containing below 75 mg/mL of gelatin (across all bloom 
strengths) showed poor structural integrity post fabrication, and those containing above 
200 mg/mL of gelatin (across all bloom strengths) exhibited poor solubility during initial 
mixing of the solution. Initial test experiments were performed to determine what setup 
would work most reliably for determining melting temperature. To maximize 
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reproducibility of melting temperature measurements, a single hotplate was used in all 
studies. In addition, droplets deposited on glass petri dishes were found to provide greater 
consistency than plastic surfaces, and therefore were used to acquire melting point data. 
 Upon introduction of ~5 mL PBS to the dish (enough to fully submerse the gelled 
droplet), a small amount of Rose Bengal leached out of the hydrogel, causing a color 
change of the surrounding PBS to faint shade of pink. As the PBS heated, this pink hue 
gradually became more pronounced as increasing levels of Rose Bengal transferred from 
the hydrogel to the solution. However, this was not considered an indicator of melting, as 
the integrity and viscosity of the droplet appeared unchanged to the naked eye. Upon 
approaching the melting temperature, the droplet became visibly less viscous and began to 
move in conjunction with the stir bar, with pieces and strands of hydrogel eventually 
detaching from the droplet completely when the melting temperature was reached. 
 As can be seen in Figures 2.4 and 2.5, a nearly linear trend for both 60 and 300 
Bloom is present when comparing gelatin concentration and average melting temperature. 
Error bars, represented as the standard deviation of the mean, are likely attributes of minor 
discrepancies in the measured amounts of gelatin added to solution. Additional sources of 
error could be the hydrogel not fully setting prior to heating, as well as the hot plate not 
cooling sufficiently between trials. The small sample size for all gelatin concentrations 
tested (n=3) may also lead to larger error bars. As the largest error bars are present on both 
the lower and higher end of the melting range, it can be stated that the error is likely not a 
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function of gelatin concentration. Data for 300 bloom solutions were collected and 
provided courtesy of Mignon Fitzpatrick. 
 
 
Figure 2.4: Melting Temperature Trends Based on 60 Bloom Gelatin Concentration 
Melting temperature data for hydrogels containing 5 mM Rose Bengal, 40 mg/mL 
BSA, and varying concentrations of 60 bloom gelatin type A from porcine skin. Six 
concentrations of gelatin were tested, ranging from 75 mg/mL to 200 mg/mL with 
increasing increments of 25 mg/mL. A linear trend can be seen for average melting 
temperature as a function of time. Error bars represent standard deviation of the 
mean. For all concentrations, n=3. 
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Figure 2.5: Melting Temperature Trends Based on 300 Bloom Gelatin 
Concentration 
Melting temperature data for hydrogels containing 5 mM Rose Bengal, 40 mg/mL 
BSA, and varying concentrations of 300 bloom gelatin type A from porcine skin. 
Six concentrations of gelatin were tested, ranging from 75 mg/mL to 200 mg/mL 
with increasing increments of 25 mg/mL. A linear trend can be seen for average 
melting temperature as a function of time. Error bars represent standard deviation 
of the mean. For all concentrations, n=3. Data provided as courtesy of Mignon 
Fitzpatrick. 
 
 
 Gelatin bloom number is determined by measuring gel strength, a characteristic that 
is dependent on temperature, pH, and gelatin fragment length (higher bloom number equals 
longer fragment lengths). [59-62] Temperature conditions were kept consistent when 
generating hydrogels, and all hydrogels were created in TSB, which has a pH of 7.35 
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according to manufacturer specifications. Additionally, the pH of PBS (pH 7.4) was kept 
consistent during all melting studies. Therefore, it can be stated with a high level of 
confidence that any changes in melting temperature are a result of the varying bloom 
numbers and gelatin concentrations in each solution. The data presented here is consistent 
with prior studies stating that an increase in gelatin concentration results in an increase in 
melting temperature. [59] 
Bloom number is positively correlated with triple-helix concentration within the 
gelatin, with a higher number of triple-helices producing gelatins of higher structural 
stability and thermal reversibility. [62] These higher triple-helix concentrations are a result 
of increased partial regeneration of the collagen triple-helix structure from which gelatin is 
derived, requiring a greater amount of energy to break the regenerated coiled structure. 
[63] This is consistent with the data presented here, as hydrogels made with 300 bloom 
gelatin possess a notably higher melting temperature than those made with 60 bloom 
gelatin. This is representative of a greater amount of energy needed to disrupt the hydrogel 
matrix and induce dissolution of the gelled hydrogel into the surrounding PBS solution. 
That data plotted in Figures 2.4 and 2.5 allow future research to use the calculated 
trendlines as a guide when making solutions of a desired melting temperature, allowing 
customizable solutions to be made that are dependent on the ideal growth temperature of 
the organism being studied. Additionally, information obtained from these experiments can 
be utilized in studies where hydrogels of different melting temperatures are layered for 
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controlled release purposes. Studies such as these are further explained in detail in Chapter 
3, where layered hydrogels are used in conjunction with multiphoton lithography. 
2.3.3 Cytotoxicity Trends Based on Rose Bengal Concentration 
Similar to selection of gelatin concentrations in Section 2.2.2, RB concentrations 
used for these studies were based on prior work from the Shear lab, with 5 mM RB having 
exhibited low cytotoxicity (normal growth rate, high cell motility) and 10 mM RB showing 
very high cytotoxicity (no cell division after ≥ 2 h. at 37 ºC, little to no cell motility). 
Therefore, in order to maximize RB concentration in fabrication reagents (thus improving 
fabrication quality) while maintaining low toxicity, five RB concentrations were examined 
in these studies ranging from 5.5 mM to 9.5 mM in 1 mM increments. To ensure 
consistency in all other aspects of experimental preparation, all hydrogels contained 1 mL 
TSB, 40 mg/mL BSA, and 200 mg/mL gelatin (60 bloom), a reagent mixture demonstrated 
previously to have high biocompatibility. [54] To maintain consistency regarding initial 
cell viability, experiments for each RB concentration were performed on cells from a single 
culture tube on the given experiment day. All culture tubes were in mid-logarithmic phase 
and were grown to a density of ~0.3 at OD600. 
 The first cell count, delineated as the “0 minute” mark, was taken following the 
melting and rinsing away of excess fabrication solution. As the melting and rinsing process 
takes approximately an hour to complete, a number of captured cells had already undergone 
one division. This means that while only one or two cells were captured at the time of 
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fabrication, initial cell counts could vary between one and four cells. This is consistent with 
previously determined doubling rates for P. aeruginosa grown at 37°C. [52]  
 When averaging the cell counts for all RB concentrations, a clear correlation can 
be seen between RB concentration and cell survival over time. While cell counts at the 0-
minute mark were consistently either 2 or 4 cells, cell viability dropped dramatically over 
the course of 4 hours with each increase in RB concentration. This data is represented in 
Figure 2.6 with corresponding cell doubling times for each RB concentration outlined in 
Table 2.1. 
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Figure 2.6: Cell Growth as a Function of Rose Bengal Concentration 
Cytotoxicity data for hydrogels containing 40 mg/mL BSA, 200 mg/mL gelatin (60 
bloom), and varying concentrations of Rose Bengal. Six concentrations of RB were 
tested, ranging from 5.5 mM to 9.5 mM with increasing increments of 1 mM RB. 
A negative correlation can be seen between RB concentration and cell viability, 
with increasing RB concentration resulting in a significant decrease in cell growth. 
For all concentrations and time points, n=3. Error bars represent standard deviation 
of the mean. 
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Table 2.1: P. aeruginosa Doubling Time as a Function of RB Concentration 
Doubling times for Pa01 strain of P. aeruginosa trapped in structures fabricated 
using hydrogels with varying concentrations of Rose Bengal. An increase in RB 
can be seen to cause a gradual increase in doubling time. This is indicative of a 
decrease in cell viability, further supporting the conclusion that an increase in RB 
concentration results in a corresponding increase in hydrogel cytotoxicity. Error 
represents standard deviation of the mean. 
 
RB Conc (mM) 5.5 6.5 7.5 8.5 9.5 
Doubling Time 
(Min) 
36 ± 1 37 ± 2 40 ± 2 43 ± 2 51 ± 2 
 
 
 When promoted to an excited state, Rose Bengal undergoes a Type II 
photochemical reaction, thereby producing singlet oxygen species. This singlet oxygen 
production has been determined to be the primary mechanism responsible for Rose 
Bengal’s cytotoxic effect on bacterial cells, having a greater impact on gram positive over 
gram negative cells. [43] This explains why former studies in the Shear lab have had to 
condition gram positive S. aureus to grow in the presence of a photosensitizer [54] but have 
never had the need to do so with gram negative P. aeruginosa, due to the extra protection 
afforded by the peptidoglycan cell wall and lipopolysaccharide layers. However, high 
enough concentrations of photosensitizers such as Rose Bengal have been documented as 
successfully passing through these barriers to inactivate a variety of bacterial strains. [42-
43]   
Such studies are consistent with the data presented here, in which the gradual 
increase of photosensitizer concentration directly correlates to a decrease in cell survival. 
As Rose Bengal concentration becomes higher, an increase in the concentration of singlet 
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oxygen species is produced, increasing toxicity to bacterial cells. Therefore, it is of utmost 
importance to understand the concentration threshold of Rose Bengal at which the 
photosensitizer transitions from having minimal effect on bacteria to a marked effect on 
cell viability. 
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2.4 CONCLUSIONS 
 This chapter discussed the characterization of protein-based hydrogels commonly 
used in bacterial studies conducted by the Shear lab. Expanding upon the knowledge that 
changes in gelatin concentration directly correspond to a change in melting temperature, 
linear fit curves were generated using data points gathered during the melting of 60 and 
300 Bloom gelatins. Both curves displayed a linear relationship between gelatin 
concentration and melting temperature, which will allow future research to use the trend 
line generated from these curves as a guide when customizing hydrogels for maximum 
compatibility with a cell’s optimal growth temperature, all while maintaining cellular 
biocompatibility. As all studies conducted here utilized gelatin derived from porcine skin, 
it remains unknown how melting temperature would change with gelatins derived from 
other sources, such as bovine skin. 
 In addition to melting temperature, cytotoxicity of Rose Bengal was also evaluated 
in this chapter. For the bacterial strain being studied, P. aeruginosa, a marked increase in 
doubling time was seen at concentrations greater than 7.5 mM, indicative of a decrease in 
cell health. This indicates that in order to maintain maximum cell viability during 
fabrication, rose Bengal concentration must be kept less than or equal to 7.5 mM. It should 
be noted that gram-negative cells such as P. aeruginosa have a lower susceptibility to 
photosensitizers compared to gram-positive cells. [43] Thus, the maximum photosensitizer 
concentration allowable to maintain cell viability in gram-positive cells is likely much 
lower than those presented in this chapter, which should be of focus in future studies.  
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The ability to customize hydrogels to the desired melting temperature while 
maintaining low cytotoxicity provides valuable information for cell-based studies. In 
addition to future experiments completed under physiological conditions, this information 
can be used to capture and grow cells from more diverse environmental climates. The data 
collected and presented in this chapter provided the fundamental information needed to 
successfully complete experimental studies presented in Chapters 3 and 4 of this 
dissertation. 
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Chapter 3:  Layering of Hydrogels and Fabrication at the Hydrogel-
Hydrogel Interface 
3.1 INTRODUCTION 
As discussed in Chapter 2 of this dissertation, hydrogels are commonly used in 
physiological studies today due to their desirable biocompatible properties. When specific 
characteristics about a hydrogel are known and able to be manipulated, such as viscosity 
or melting temperature, research possibilities broaden significantly. For example, attempts 
to layer hydrogels have been employed to mimic various biological interfaces, as the 
hydrogel’s relatively high water content mimics that of naturally occurring lubrication 
materials such as mucin. [1] Often these layers are composed of substances with different 
viscoelastic profiles, such as silicone contact lenses and mucin that protects the ocular 
surface of the eye. [1-5]  
The ability to generate model hydrogel layers allows for physiological scenarios 
such as biocompatibility of contact lens materials [6-7] and controlled drug release via 
contact lens-eye interaction [8-10] to be studied in depth prior to clinical trials. Additional 
applications include artificial organs, [11-12], wound management, [13-17], and artificial 
membranes. [17-20] In addition to hydrogel layering, these materials are also widely used 
for drug delivery through controlled release mechanisms, which include hydrogel 
diffusion, swelling and biodegradation. [21-28] 
 In order to create hydrogel layers of a desired shape and size, molds can be 
employed to secure each hydrogel as they transition from a viscous to a gelled product. A 
commonly used material in molding hydrogels is polydimethylsiloxane (PDMS). [29-31] 
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PDMS is non-toxic and largely biocompatible, [31-36] making it ideal for the study of 
biological systems such as those presented here. Since hydrogels being used in the 
experiments described in this chapter come in direct contact with the mold, it was of utmost 
importance to ensure the mold material would have minimal impact on bacterial cells 
dispersed throughout the hydrogel solution. Additionally, adhesion between hydrogel and 
mold needed to be minimal to allow for full removal of the mold with little to no structural 
impact on the set hydrogels. The highly hydrophobic nature of PDMS makes it ideal in 
preventing significant adhesion, [37-38] as hydrogels have hydrophilic qualities due to 
their high water content. The combination of these hydrophobic and hydrophilic properties 
results in weak interaction between PDMS and hydrogel, enabling smooth and non-
destructive removal of the PDMS mold once the layered hydrogels fully set. 
 In former studies from the Shear lab, PDMS has been used in microfluidic 
platforms for the creation of non-toxic, biocompatible channels for bacteria to flow 
through. [39-40] The combination of PDMS with customizable hydrogel technology 
allows for an even greater breadth of experimental study, as PDMS can either be used as a 
platform for layered hydrogels or, in the studies presented here, as a mold to secure 
hydrogels when layering solutions of varying gelatin composition. Expanding upon the 
successful layering of hydrogels, micro-3D printing was integrated with fabrication of 
protein structures at the hydrogel-hydrogel interface.  
Following layering of two hydrogels of markedly different melting temperature on 
the tip of a glass rod, structures were fabricated at the interface such that they captured 
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microbeads and/or bacteria (located in low-melting-temperature hydrogel) while 
simultaneously anchoring into the high-melting-temperature hydrogel (attached to a glass 
rod). This allowed for excess, uncaptured bacteria to be rinsed away with the low-melting-
temperature hydrogel, while the captured bacteria remained in the fabricated structures 
attached to the high-melting-temperature hydrogel. The rod containing the bacterial 
structures can then be moved and introduced to any environment of interest (i.e. chronic 
wounds, CF lung sputum, etc), after which the high melting temp hydrogel can be slowly 
heated, allowing for controlled release of fabricated structures.  
The ability to pre-fabricate these structures prior to release in biological systems is 
beneficial for many reasons. Biological environments, especially those involved in 
physiological processes (i.e. epithelial tissue, ocular surfaces, etc.) are quite delicate in 
nature, and would not be amenable to the capture of bacteria within micro-3D printed 
structures, as the addition of reagents, bacteria, and the laser scanning process itself would 
damage the native cells. Therefore, the ability to pre-fabricate these structures prior to 
release in vitro or in vivo allows us to deliver well-defined colonies of bacteria into 
environments where they cannot be readily printed. Additionally, as bacteria being released 
are contained within protein structures, the impact of captured bacteria on the environment 
of interest can be studied without introducing further infection. 
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3.2 MATERIALS AND METHODS 
3.2.1 Materials 
Tryptic soy agar (TSA, R455002) and tryptic soy broth (TSB, 8053765) were 
obtained from Remel and EMD Millipore, respectively. Gelatin type A from porcine skin, 
60 Bloom (160304) was purchased from EMS. Gelatin type A from porcine skin, 300 
Bloom (9000-70-8) was purchased from Sigma. Bovine serum albumin (BSA, 9048-46-8) 
was obtained from Equitech Bio. Rose Bengal (RB, 632-69-9), carbenicillin disodium salt 
(4800-94-6), microscope coverslips (#1 borosilicate, 22x22, Lab-Tek), and eight-well 
chambered coverslips (#1 borosilicate, 25x57, Lab-Tek) were purchased from Thermo 
Fisher Scientific. 1-3 µm diameter microbeads (7732-8-5) were obtained from Polysci. 
PDMS base and crosslink kits were purchased from Sylgard. Ethanol was purchased from 
Pharm Co (64-17-5). HEPES (75277-39-3) was obtained from ACROS. Glass rods were 
cut and provided courtesy of the UT chemistry glass shop. All reagents were stored and 
used according to supplier specifications. 
3.2.2 Bacteria Strain and Culture 
Wild-type Pseudomonas aeruginosa strains Pa01 and Pa14, each constitutively 
expressing GFP from plasmid pMRP9-1, were used in all bacterial studies. The plasmid 
was maintained using TSA plates dosed with 100 µg/mL carbenicillin. Planktonic cultures 
were grown aerobically overnight at 37 °C on a shaker set to 250 rpm, using the TSA plate 
to seed cells into a culture tube filled with 4 mL TSB. Following overnight culture, cells 
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were diluted 1:50 into a fresh culture tube and allowed to grow on the shaker for an 
additional two hours to reach the desired experimental cell density of ~0.3 at OD600. 
3.2.3 Hydrogel Preparation 
Hydrogels were prepared using TSB, gelatin, BSA, and RB, as described in section 
2.2.3. In studies without bacteria, solutions contained 1 mL TSB, 40 mg/mL BSA, and 10 
mg/mL RB (giving a final photosensitizer concentration of 10 mM). In studies using 
bacteria, the initial volume of each solution was 880 µL, as the addition of 120 µL from 
the bacterial culture tube served to dilute each solution to the desired concentration. Two 
hydrogels were used during these studies, one that had a “low” melting temperature (LMT) 
and one that had a “high” melting temperature (HMT). The low temperature solution was 
prepared from 150 mg/mL Type A 60 bloom gelatin while the high temperature solution 
was made from 200 mg/mL Type A 300 bloom gelatin, compositions that resulted in 
average melting temperatures of 29.7 ºC and 34.0 ºC, respectively. 
3.2.4 Preliminary Solution Molding 
Initial molding studies utilized a flat PDMS sheet with shapes of customizable size 
excised from the center. Once the desired shape was obtained, the PDMS sheet was pressed 
to the surface of a glass coverslip to form as tight of a seal as possible. High melting 
temperature solution was then pipetted into the mold until all exposed glass was covered. 
To obtain a flat surface on both the top and bottom of the solution, the excised piece of 
PDMS was pressed back into the original PDMS sheet to apply gentle compression to the 
solution as it hardened, a schematic of which can be seen in Figure 3.1.  
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Figure 3.1: Initial Molding Schematic for Hydrogels 
A solid, short cylinder made of PDMS was formed using base and crosslinker from 
a PDMS kit. A cylindrical piece was excised out of the center of the PDMS and 
stored for future use. The PDMS was pressed firmly against a borosilicate glass 
coverslip to form as tight of a seal as possible, then a small amount of hydrogel 
solution (~20 µL) was pipetted into the open central cavity. The excised piece of 
PDMS was then inserted back into the center of the cylinder and gently pressed 
against the top of the hardening hydrogel, creating a flat surface on the top and 
bottom of the molded solution. Upon insertion of the excised piece, the setup was 
stored at 4 ºC to promote further gelation before the PDMS cylinder was removed 
from the coverslip approximately 10-15 minutes later. 
 
The solution was then placed in a fridge set to 4 ºC for 10-15 minutes to encourage 
complete gelation. Upon removal from the fridge, the PDMS was gently peeled away from 
the solution, leaving behind a molded hydrogel of the desired shape and size.  
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When molding the hydrogel on to a glass rod (diameter = 1.85 mm), a cylinder of 
slightly larger diameter was excised from the PDMS sheet, and the rod itself was used to 
compress the solution during cooling as opposed to the excised piece of PDMS. To ensure 
that the molded hydrogel preferentially attached to the rod over the coverslip, the coverslip 
was placed on an ice pack (frozen at 4 ºC) for 5 minutes prior to removing the PDMS and 
lifting the rod away from the glass. 
3.2.5 Layering of Solutions on Glass Rod 
To layer the hydrogels for fabrication, a small droplet (~10 µL) of LMT hydrogel 
was placed on a coverslip, after which the glass rod with attached molded HMT hydrogel 
was gently pressed into the low temperature droplet, thereby creating a coverslip, LMT 
hydrogel, HMT hydrogel, glass rod progression of layers. Mechanisms by which the glass 
rod was stabilized during this step can been seen in Figure 3.2.  
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Figure 3.2: Glass Rod Stabilization Methods for Hydrogel Layering 
Two methods were used to stabilize the glass rod during the hydrogel layering and 
setting process. (A). Two pipet tips of different sizes were cut and wedged together 
to create an apparatus that would hold the rod steady while having a large enough 
area at the base to balance on top of the PDMS mold. This was the initial hydrogel 
molding step before proceeding to fabrication. (B). A fiber chuck holder from 
ThorLabs was used in conjunction with a smaller cut pipet tip to stabilize the glass 
rod over a Teflon well, allowing the rod to be positioned and prepared for 
fabrication at the hydrogel interface. 
3.2.6 Location of Solution Interface 
The interface between the layered hydrogels can be extremely difficult to precisely 
identify using bright-field microscopy due to similar composition of the two hydrogels 
being used. To more accurately locate the solution interface, the molded HMT hydrogel 
was dipped into a suspension of 1-3 µm diameter microbeads in ethanol and allowed to 
stand for 10 minutes to allow the ethanol to fully evaporate from the hydrogel surface. The 
hydrogels were then layered in the same fashion as seen in Figure 3.2, and the interface 
was identified by locating and focusing on the microbeads using bright-field microscopy. 
To create the microbead solution used, two drops of concentrated microbead 
suspension were added to a 1.5 mL Eppendorf tube, then diluted to 1 mL with DI water. 
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The tube was then centrifuged at level 10 for 5 minutes to separate the beads from the 
supernatant. After removal of the DI water, 1 mL of pure ethanol was added and the 
solution was vortexed for 15 seconds. For all experiments, 10 µL of the microbead solution 
was pipetted onto a clean coverslip for use in introducing the beads to the molded hydrogel 
layer on the glass rod. 
3.2.7 Fabrication Setup and Procedure 
Fabrication was conducted using the procedure detailed in Section 2.2.5, with a one 
major change regarding the stage setup. Due to the height of the rod-holding adapter, the 
traditional microscope lamp housing could not be used. To accommodate for this, a 
portable light source with a flexible head was employed as an illumination source. The 
light output was positioned directly above the rod and set to “medium” intensity, providing 
sufficient light through the glass rod to visualize microbeads when the hydrogel interface 
was positioned at the objective focal plane (Figure 3.3).  
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Figure 3.3: Schematic of Fabrication Setup 
Following hydrogel molding and rod stabilization, the fiber chuck holder and 
Teflon well were moved to the microscope stage to prepare for fabrication. A fiber 
optic light was positioned directly over top of the glass rod and set to “medium” 
intensity, allowing the hydrogel interface to be illuminated and located. Due to the 
height of the fiber chuck holder, the traditional microscope lamp housing could not 
be used. 
 
Protein boxes were fabricated around clusters of beads at the interface in such a way that 
the bulk of the structure was fabricated in the LMT hydrogel, while the far end was 
anchored into the HMT hydrogel. A schematic of the box along with its dimensions can be 
seen in Figure 3.4.  
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Figure 3.4: Structure Used for Fabrication Around Microbeads 
A binary mask sequence was created using ImageJ to generate a hollow box for use 
in trapping microbeads at the interface of the layered hydrogels. Nominal outer 
dimensions were 18x16.5 µm and inner dimensions were 12x10.5 µm, creating a 
nominal inner cavity volume of ~10 pL. Each box was fabricated in such a way that 
one or more microbeads were captured (seen as grey circles above), with the top of 
the structure anchored in the high melting temperature hydrogel. 
 
Upon completion of fabrication, the rod/adapter/well were placed on top of an 4 ºC ice 
pack for 5 minutes to encourage easier separation of the hydrogel from the coverslip (as a 
result of a thin layer of condensation forming between they coverslip and hydrogel). 
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3.2.8 Environmental Chamber Setup and Melting Procedure 
A custom environmental chamber was used in all layered melting studies. The 
apparatus consisted of an arc lamp, heat gun, Hamamatsu camera, Prior Proscan stage 
capable of submicrometer resolution in the x-, y-, and z- dimensions, and a Zeiss 135 
Axiovert inverted microscope, whose imaging procedures were controlled by MetaMorph 
software. A plexiglass box outfitted with attachments for the heat gun air ducts were 
connected to a stage insert and controlled by a set of attached drivers. For secondary 
confirmation of chamber temperature, a thermocouple was placed just inside the plexiglass 
box. 
 Upon securing a petri dish or fabrication well containing layered hydrogels on a 
coverslip, and HEPES buffer inside the chamber, the heat gun was adjusted to a set 
temperature of 40 °C. Change in chamber temperature were monitored via thermocouple 
until structures anchored in the HMT hydrogel were released. This release was indicative 
of complete dissolution of the LMT solution and partial dissolution of the HMT solution. 
Released structures were visualized via bright-field microscopy, with images captured and 
analyzed using MetaMorph and ImageJ, respectively. 
 Two additional methods for removing the LMT solution from the layered hydrogels 
attached to the glass rod were also examined, both of which required removal of the rod 
and attached hydrogel layers from the glass coverslip used during fabrication. This required 
contact between an ice pack and the base of the coverslip for ~5 minutes, thereby loosening 
the bond between the borosilicate glass and hydrogel. 
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The first method used HEPES buffer that was pre-heated to 60 ºC in an oven. The 
rod and hydrogels were secured over one well of an eight-well chambered coverslip in a 
manner such that the layered hydrogels were contained within the well without touching 
the bottom of the well.  Multiple aliquots of heated buffer were pipetted into the well to 
agitate and gradually rinse away the hydrogels attached to the rod, with the LMT hydrogel 
being removed first. The tip of the glass rod was examined via microscopy following every 
rinse to keep track of when the boxes started to release from the HMT hydrogel. Boxes 
were fabricated at the interface of the two hydrogels, as mentioned in the previous section, 
with each box trapping one or more microbeads. No bacteria were used in these studies. 
 The second method secured the hydrogels in a glass petri dish containing room 
temperature (20 ºC) HEPES buffer and a small stir bar, all of which were placed on a hot 
plate. The HEPES was gradually heated until the hydrogels began to dissolve, using the 
stir bar to continuously agitate the solution, as can be seen in Figure 3.5.  
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Figure 3.5: Setup for Melting of Layered Hydrogels and Release of Fabricated 
Structures 
Following fabrication and removal from the coverslip, the rod to which the layered 
hydrogels are attached was secured to a ring stand via clamp and positioned over a 
petri dish filled with HEPES buffer. The rod was then lowered in such a way that 
the layered hydrogels were completely submersed in HEPES buffer. A stir bar was 
added to induce agitation, and the hot plate was turned on to a low setting, allowing 
the buffer to raise in temperature approximately 0.1 ºC every 30 seconds. 
 
 
The temperature of the HEPES was monitored via thermocouple, while the tip of the rod 
was periodically checked via microscopy to gauge the level of dissolution that had taken 
place. Upon release of the boxes, the HEPES solution was pipetted out of the glass petri 
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dish and distributed amongst the wells of an eight-well chambered coverslip to locate and 
image each released box. 
 73 
 
3.3 RESULTS AND DISCUSSION 
3.3.1 Efficacy of Layering Techniques and Molding Methods 
Many different layering and molding techniques were attempted before finding the 
most efficient and reproducible methods, which are detailed in Sections 3.2.4 and 3.2.5. 
The first layering attempt was the most simplistic, in which two hydrogels of different 
melting temperatures were layered in an ‘X’ shape on a coverslip. The HMT hydrogel layer 
was pipetted onto the coverslip first and allowed to fully set before introducing the LMT 
layer, which was layered in an orthogonal manner. Almost immediately upon introduction, 
the LMT hydrogel began to slide off the high temperature hydrogel due to the low viscosity 
of the pre-heated LMT hydrogel. These results confirmed that in order to maintain the 
desired shape and position of layered hydrogels during the setting process, a mold would 
be necessary. 
 When deciding what material to make the mold out of, PDMS was the most obvious 
choice due to its elasticity and flexibility. As detailed in Section 3.2.4, a short cylindrical 
PDMS sheet was created, after which two small cylinders of different sizes were excised 
to create the holes that would act as molds for the hydrogel. During the first experiment 
using the PDMS mold, 200 µL of HMT solution was pipetted into the mold and placed in 
a 60 ºC oven for 5 minutes to assess whether the top of the hydrogel would settle into a flat 
surface. However, the PDMS mold did not form a tight seal with the coverslip, resulting in 
the hydrogel melting and leeching into the space between the mold and the coverslip. When 
a new trial was attempted in which the HMT hydrogel was allowed to set at room 
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temperature (~20 ºC) for 20 minutes, the result was an uneven surface containing small 
pockets from bubbles in the solution. These experiments indicated that an additional force 
would be needed to create the desired flat surface of the HMT hydrogel layer, which led to 
the excised piece of PDMS being pressed back into the mold (as seen in Figure 3.1). Once 
the HMT hydrogel was fully set, the excised piece of PDMS was removed and the LMT 
hydrogel was pipetted into the mold to create the final layered product. 
 Once the layering technique had been refined, the next hurdle was figuring out how 
to locate the interface between two hydrogels. As each layered hydrogel was made from 
the same components (gelatin, BSA, and RB), there were no distinct identifying features 
to assist with locating the interface between layers via bright-field microscopy. As a result, 
microbeads were utilized as a method to quickly and reproducibly locate where the HMT 
hydrogel ended and the LMT hydrogel began. A proof of concept experiment was done in 
which 10 µL of microbead solution was pipetted on top of the set HMT hydrogel prior to 
introducing the LMT hydrogel layer. It should be noted that allowing the ethanol from the 
microbead solution to evaporate was a crucial step with regards to the success of layering, 
as any liquid between the two hydrogels would only serve to weaken the bond between the 
two layers and cause fabrication difficulties in the future. A representative image of beads 
located at the hydrogel interface can be seen in Figure 3.6. 
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Figure 3.6: Microbeads Located at Hydrogel Interface 
Microbeads were used to assist in locating the interface between the HMT and LMT 
hydrogels. Microbeads seen in this image are 1 µm in diameter. 
 
3.3.2 Melting of Layered Hydrogels 
Before attempting layering experiments on a moveable rod, we first evaluated our 
capacity to micro-3D print structures at, or near, the HMT/LMT interface of layered 
hydrogels on a borosilicate coverslip. Following reproducible location of the interface, 
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proof of concept experiments were completed in which solid rectangular structures were 
fabricated at the interface in such a way that structures were either entirely located in the 
LMT layer or anchored in the HMT layer. This allowed for a more thorough examination 
of how successfully and precisely the different hydrogel layers could be melted away.  
 The LMT and HMT hydrogels melted at 28.8 ºC and 33.8 ºC, respectively. Five 
solid rectangles were fabricated just above the hydrogel interface, meaning that they were 
all fully encased in the low temperature layer. Following fabrication, HEPES buffer was 
added to the fabrication well and the well was placed in the environmental chamber detailed 
in Section 3.2.8. Observations over the two-hour melting period can be seen in Table 3.1, 
with corresponding images in Figure 3.7. 
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Table 3.1: Dual-Layer Hydrogel Melting Observations with Fabricated Structures 
Five rectangular structures were fabricated in the LMT hydrogel just above the 
LMT/HMT hydrogel interface. Gradual heating of the hydrogels in HEPES buffer 
occurred using a custom environmental chamber. After the HEPES buffer 
surpassed the recorded melting temperature of the LMT (28.8 ºC), the hydrogel 
began to melt, and structures were slowly released into solution, leaving only the 
HMT layer remaining. 
 
Time Elapsed Temperature Structures Remaining/Observations 
0 min 23.0 ºC No structure movement, all five structures remain in 
field of vision 
30 min 25.6 ºC No structure movement, all five structures remain in 
field vision 
60 min 27.4 ºC No structure movement, all five structures remain in 
field of vision 
80 min 29.0 ºC No structure movement, buffer became light pink 
indicating melting of hydrogel 
100 min 29.8 ºC Three structures moved out of field of vision 
indicating melting of LMT hydrogel and release of 
structures 
120 min 30.5 ºC Only one structure remains in field of vision, can see 
edge of LMT hydrogel 
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Figure 3.7: Dual-Layer Melting of Fabricated Structures at 60, 100, and 120 Minutes 
All images were taken at 200x magnification while being heated in an 
environmental chamber. Scale bars represent 30 µm, black arrows identify 
structures. LMT and HMT hydrogels have melting temperatures of 28.8 ºC and 
33.8 ºC, respectively. (A). 60-minute timepoint at 27.4 ºC, all five structures 
remain. (B). 100-minute timepoint at 29.8 ºC, two of five structures remain, 
indicating release of three structures due to melting of low temperature layer. (C). 
120-minute timepoint at 30.5 ºC, only one structure remains. Edge of melted low 
temperature layer can be seen, as identified by white arrow. 
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3.3.3 Controlled Release of Structures Fabricated on Tip of Glass Rod 
Expanding upon the work presented in Section 3.3.2 in which glass coverslips were 
used as the substrate of choice, a more versatile technology was developed that allowed for 
hydrogel layering and fabrication to occur on the tip of a 1.85 mm glass rod. By 
transitioning to a rod over a coverslip, greater mobility and versatility of the structures was 
obtained, as the rod could be placed in any environment and structures released 
accordingly. However, due to the size of the apparatus used to secure the rod prior to 
fabrication, the custom environmental chamber could not be used for melting purposes. 
Additionally, for controlled release of structures to take place, the rod and layered 
hydrogels had to be separated from the glass coverslip following fabrication. 
 Removing the rod and hydrogels from the glass coverslip proved to be a challenge, 
as the hydrogels preferentially adhered to the coverslip over the glass rod at room 
temperature. An example of this can be seen in Figure 3.8.  
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Figure 3.8: Ripped Hydrogel Comparison, Rod vs. Coverslip 
Removal of glass rod and layered hydrogels from coverslip at room temperature. 
(A). Remaining hydrogel on tip of rod following removal at room temperature. 
White arrows identify fabricated structures. Rough and uneven surface texture is 
an artifact of hydrogel ripping during removal. (B). Hydrogel that remained adhered 
to glass coverslip following removal of layered hydrogels molded to glass rod. Half 
of fabricated structures, as well as scattered microbeads, remained in the hydrogel 
stuck to coverslip. 
 
Warming the solution to loosen the bond between coverslip and hydrogel was not an option 
due to lack of precise control over melting, making the premature release of structures a 
recurring problem. By taking the opposite approach, placing the fabrication well on top of 
a 4ºC ice pack for at least one minute, a small amount of condensation formed between the 
coverslip and molded hydrogel. This allowed the rod and molded hydrogels to be gently 
slid and removed from the coverslip without any tearing of the hydrogel or loss of 
fabricated structures. 
 Out of the two melting procedures detailed in Section 3.2.8, the method using 
HEPES buffer pre-heated to 60 ºC proved to be more amenable to locating the released 
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(i.e. free-floating) structures. Representative images of captured structures can be seen in 
Figure 3.9.  
 
Figure 3.9: Structures Captured During Rinsing/Melting of Hydrogels on Tip of Glass 
Rod 
Structures captured following melting and controlled release of layered hydrogels 
using preheated PDMS buffer in eight-well chambered coverslip. Captured beads 
are 3 µm in diameter. (A) Box containing one microbead. (B) Box containing two 
microbeads. One additional microbead can be seen in the top corner of the structure 
wall in panel B, indicating the wall was built surrounding it during fabrication. 
 
This technique used an eight-well chambered coverslip, which proved to be a better 
receptacle than a petri dish with regards to locating and imaging structures following 
release. An attempt was made to centrifuge the solution from the petri dish as a method of 
isolating structures before re-immersing them in fresh HEPES, but no structures were 
recovered following this process, probably as a result of either remaining in the petri dish 
or adhering to the sides of the Eppendorf tube. There was also an attempt to filter the 
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structures out of solution, but once filtered they were unable to be removed from the filter 
itself without impacting the integrity of the structures.   
Another component of the melting process that proved important was the strength 
with which the hydrogels were rinsed. Whether using buffer that was preheated or 
gradually heated on a hot plate, gentle rinsing was integral to maintaining homogenous 
melting of the layered hydrogels. When agitation became too vigorous, strips of hydrogel 
would detach before fully melting and releasing of fabricated structures. This phenomenon 
is illustrated in Figure 3.10. 
 
Figure 3.10: Structures Attached to Strips of Unmelted Hydrogel 
Structures remaining partially adhered to strips of hydrogel that tore away during 
melting and rinsing of layered hydrogels. (A) Single fabricated box attached to thin 
strip of hydrogel, which can be seen extending to the left of the structure. (B) Four 
boxes adhered to a strip of hydrogel, allowing three-dimensional structure of boxes 
to be visualized. 
 
This is not an ideal scenario, as the most successful controlled release studies would have 
minimal un-crosslinked hydrogel released. Additionally, an excess of hydrogel being 
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released into solution could also result in the release of excess bacterial cells that went 
uncaptured during the fabrication process, causing potential infection of the site being 
examined. 
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3.4 CONCLUSIONS 
This chapter discussed layering hydrogels on the tip of a glass rod using a PDMS 
mold, as well as fabrication of structures at the hydrogel-hydrogel interface. Using the 
information gathered in Chapter 2 of this dissertation regarding customization of hydrogel 
melting temperatures, hydrogels of significantly different melting temperatures were 
created and used in all layering studies. To simplify location of the hydrogel-hydrogel 
interface, microbeads were incorporated between layers. However, in future studies it may 
be preferable to use an alternate method to identify the interface, as there were 
inconsistencies regarding successfully rinsing away all microbeads during melting and 
removal of the low-temperature hydrogel layer. If microbeads remain adhered to the high-
temperature hydrogel, they will be released with fabricated structures into the environment 
being studied, which is not ideal. 
 The ability to fabricate structures at the hydrogel-hydrogel interface presents an 
exciting opportunity to combine multiphoton lithography with controlled release 
technologies. Traditionally, our lab has fabricated structures around bacteria on a coverslip, 
[41-46] an approach that is inherently static and provides no capabilities for manipulating, 
and potentially releasing, aggregates of defined size, shape, and sociomicrobiological state 
into remote environments. Layering hydrogels on a moveable surface (i.e. a glass rod tip) 
provides a means to capture bacteria, rinse away excess uncaptured bacteria (thus 
preventing further infection of the environment being studied), and release structures into 
any environment through controlled heating of the remaining hydrogel. Additionally, using 
the information presented in Chapter 2, hydrogels can be customized to maximize 
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compatibility with the cells or organisms being studied, as well as the environment 
captured cells are being released in. This chapter represents the first approach the Shear lab 
has taken at fabricating structures on a moveable surface, a technology that is expanded 
and advanced upon in studies presented in Chapter 4 of this dissertation. 
 
 86 
 
3.5 REFERENCES 
1. Dunn, A.C., et al. Lubricity of surface hydrogel layers. Tribol. Lett., 2013. 49: p. 
371-378. 
2. Davidson, H.J. and Kuonen, V.J. The tear film and ocular mucins. Veterinary 
Ophtham., 2004. 7(2): p. 71-77. 
3. Peng, C. and Chauhan, A. Ion transport in silicone hydrogel contact lenses. J. 
Membrane Sci., 2012. 399: p. 95-105. 
4. Samsom, M., et al. In vitro friction testing of contact lenses and human ocular 
tissues: effect of proteoglycan 4 (PRG4). Tribology Int., 2015. 89: p. 27-33. 
5. Hori, Y., Argueso, P., Spurr-Michaud, S., and Gipson, I.K. Mucins and contact lens 
wear. Cornea, 2006. 25(2): p. 176-181. 
6. Qiao, H., Pham, C.M., Walther, H., Subbaraman, L.N., and Jones, L. Depth profile 
assessment of the early phase deposition of lysozyme on soft contact lens materials 
using a novel in vitro eye model. Eye Contact Lens, 2018. 44: S11-S18. 
7. Childs, A., et al. Fabricating customized hydrogel contact lens. Sci. Rep., 2016. 
6(1): p. 1-9. 
8. Phan, C., et al. Effects of antifungal soaked silicone hydrogel contact lenses on 
Candida albicans in an agar eye model. Eye & Contact Lens: Science and Clinical 
Practice, 2016. 42(5): p. 313-317. 
9. Peng, C., and Chauhan, A. Extended cyclosporine delivery by silicone-hydrogel 
contact lenses. J. Controlled Release, 2011. 154(3): p. 267-274. 
10. Kim, J., Conway, A., and Chauhan, A. Extended delivery of ophthalmic drugs by 
silicone hydrogel contact lenses. Biomaterials, 2008. 29(14): p. 2259-2269. 
11. Wang, X., et al. Gelatin-based hydrogels for organ 3D bioprinting. Polymers, 
2017. 9(401): 1-24. 
12. Verhulsel, M., et al. A review of microfabrication and hydrogel engineering for 
micro-organs on chips. Biomaterials, 2014. 35(6): p. 1816-1832. 
13. Anjum, S., Arora, A., Alam, M.S., and Gupta, B. Development of antimicrobial and 
scar preventive chitosan hydrogel would dressings. Int. J. Pharma. 508(1): p. 92-
101. 
14. Singh, B., Sharma, S., and Dhiman, A. Design of antibiotic containing hydrogel 
wound dressings: biomedical properties and histology study of wound healing. Int. 
J. Pharma. 457(1): p. 82-91. 
15. Koehler, J., Brandl, F.P., and Goepferich, A.M. Hydrogel wound dressings for 
bioactive treatment of acute and chronic wounds. Euro. Polymer J., 2018. 100: p. 
1-11. 
 87 
 
16. Balakrishnan, B., Mohanty, M., Umashankar, P.R., and Jayakrishnan, A. 
Evaluation of an in situ forming hydrogel would dressing based on oxidized 
alginate and gelatin. Biomaterials, 2005. 26(32): p. 6335-6342. 
17. Lacin, N.T. Development of biodegradable antibacterial cellulose based hydrogel 
membranes for would healing. Int. J. Bio. Macromol., 2014. 67: p. 2-27. 
18. Ye, Y.N., et al. Tough and self-recoverable thin hydrogel membranes for biological 
applications. Adv. Func. Mat., 2018. 28(31): p. 1-11. 
19. Kusters, I., et al. Taming membranes: functional immobilization of biological 
membranes in hydrogels. PLoS One, 2011. 6(5): p. 1-9. 
20. Ladet, S.G. Tahiri, K., Montembault, A.S., Domard, A.J. and Corvol, M.T.M. 
Multi-membrane chitosan hydrogels as condrocytic cell bioreactors. Biomaterials, 
2011. 32(23): p. 5354-5364. 
21. Lin, C., and Metters, A.T. Hydrogels in controlled release formulations: network 
design and mathematical modeling. Adv. Drug Delivery Rev., 2006. 58(12): p. 
1379-1408. 
22. Basu, S., Banerjee, D., Chowdhury, R. and Bhattacharya, P. Controlled release of 
microencapsulated probiotics in food matrix. J. Food Eng., 2018. 238: p. 6169.  
23. Wu, Z., Lin, X., Zou, X., Sun, J., and He, Q. Biodegradable protein-based rockets 
for drug transportation and light-triggered release. App. Mat. Interfaces, 2014. 7: 
p. 250-255. 
24. Nguyen, M.K. and Alsberg, E. Bioactive factor delivery strategies from engineered 
polymer hydrogels for therapeutic medicine. Progress in Polymer Sci., 2014. 39: p. 
1235-1265. 
25. Gaowa, A., et al. Combination of hybrid peptide with biodegradable gelatin 
hydrogel for controlled release and enhancement of anti-tumor activity in vivo. J. 
Controlled Release, 2014. 176: p. 1-7. 
26. Zhang, Y., Tao, L., Li, S., and Wei, Y.  Synthesis of multiresponsive and dynamic 
chitosan-based hydrogels for controlled release of bioactive molecules. 
Biomacromol., 2011. 12: p. 2894-2901. 
27. El-Ghaffar, M.A.A., Hashem, M.S., El-Awady, M.K. and Rabie, A.M. pH-sensitive 
sodium alginate hydrogels for riboflavin controlled release. Carbohydrate 
Polymers, 2012. 89: p. 667-675. 
28. Huynh, C.T., Nguyen, M.K., and Lee, D.S. Biodegradable pH/temperature-
sensitive oligo(β-amino ester urethane) hydrogels for controlled release of 
doxorubicin. Acta Biomaterialia, 2011. 7: p. 3123-3130. 
 88 
 
29. Dang, T., Kim, Y.H., Choi, J.H., and Kim, G. A novel simple preparation method 
of a hydrogel mold for PDMS micro-fluidic device fabrication. J. Micromech. And 
Microeng., 2011. 22: p. 1-8.   
30. Rudy, A., et al. Lubricous hydrogel surface coatings on polydimethylsiloxane 
(PDMS). Tribiology Lett., 2017. 65(3): 1-11. 
31. Morales-Hurtado, M., Zeng, X., Gonzalez-Rodriguez, P., Ten Elshof, J.E., and van 
der Heide, E. A new water absorbable mechanical epidermal skin equivalent: the 
combination of hydrophobic PDMS and hydrophilic PVA hydrogel. J. Mech. 
Behav. Biomed. Mat., 2015. 46: p. 305-317. 
32. Yao, M. and Fang, J. Hydrophilic PEO-PDMS for microfluidic applications. J. 
Micromech. Microeng., 2012. 22(2): p. 1-6. 
33. Hwang, Y., Paydar, O.H., and Candler, R.N. 3D printed molds for non-planar 
PDMS microfluidic channels. Sensors and Actuators A: Phys., 2015. 226: p. 137-
142. 
34. Lin, Y., et al. Preparation and evaluation of chitosan biocompatible electronic 
skin. Computers in Industry, 2018. 100: p. 1-6. 
35. Hu, X., et al. A novel method to prepare homogeneous biocompatible graphene-
based PDMS composites with enhanced mechanical, thermal, and antibacterial 
properties. Polymer Composites, 2018. 0(0): p. 1-10. 
36. Bosman, W.M.P.F., et al. Treatment of types II-IV endoleaks by injecting 
biocompatible elastomer (PDMS) in the aneurysm sac: an in vitro study. J. 
Endovasc. Therapy, 2011. 18: p. 205-213. 
37. Stanton, M.M., Ducker, R.E., MacDonald, J.C., Lambert, C.R., and McGimpsey, 
W.G. Super-hydrophobic, highly adhesive, polydimethylsiloxane (PDMS) surfaces. 
J. Colloid and Interface Sci., 2012. 367(1): p. 502-508. 
38. Jin, M., et al. Super-hydrophobic PDMS surface with ultra-low adhesive force. 
Macromol. Rapid Comm., 2005. 26(22): p. 1805-1809. 
39. Moorjani, S., Nielson, R., Chang, X.A., and Shear, J.B. Dynamic remodeling of 
subcellular chemical gradients using a multi-directional flow device. Lab on a 
Chip, 2010. 10: p. 2139-2146. 
40. Spivey, E.C., Xhemalce, B., Shear, J.B., and Finkelstein, I.J. 3D-printed 
microfluidic microdissector for high-throughput studies of cellular aging. Anal. 
Chem., 2014. 86(15): p. 7406-7412. 
41. Connell, J.L., et al. Probing prokaryotic social behaviors with bacterial “lobster 
traps.” mBio, 2010. 1(4): p. 1-8. 
 89 
 
42. Connell, J.L., Whiteley, M., and Shear, J.B. Sociomicrobiology is engineered 
landscapes. Nature Chem. Bio., 2012. 8(1): p. 10-13. 
43. Connell, J.L., Ritschdorff, E.T., Whiteley, M., and Shear, J.B. 3D printing of 
microscopic bacterial communities. PNAS, 2013. 110(46): p. 18380-18385. 
44. Wessel, A.K., et al. Oxygen limitation within a bacterial aggregate. mBio, 2014. 
5(2): p. 1-9. 
45. Connell, J.L., Kim, J., Shear, J.B., Bard, A.J., and Whiteley, M. Real-time 
monitoring of quorum sensing in 3D-printing bacterial aggregates using scanning 
electrochemical microscopy. PNAS, 2014. 111(51): p. 18255-18260. 
46. Connell, J.L., Ritschdorff, E.T., and Shear, J.B. Three-dimensional printing of 
photoresponsive biomaterials for control of bacterial microenvironments. Anal. 
Chem., 2016. 88: p. 12664-12271. 
 
  
 90 
 
Chapter 4:  Fabrication on Optical Fiber Tip 
4.1 INTRODUCTION 
 Fiber optic technology has been a force in the transmission of data since its first 
applications in the 1960-70s. [1] Upon development of the first low-loss (20 db/km) fiber 
in 1970, [2] glass fibers became a primary component in telecommunications systems, with 
multimode fibers being of particular interest due to their high numerical aperture and large 
diameter, allowing multiple wavelengths of light to be propagated simultaneously. [3-4] 
Fiber optic bundles were utilized in public telephone systems and submarine cables as early 
as 1978, allowing for long-distance communication to occur with ever-increasing speed. 
[5] 
 The guiding principle behind the propagation of light down an optical fiber is total 
internal reflection, which was introduced theoretically by Kepler in 1611 [6] and presented 
mathematically by Huygens in 1690. [7] Total internal reflection occurs when light 
encounters a medium of lesser refractive index, causing the light to reflect internally, thus 
preventing transmission or loss of light from the original medium. For optical fibers, this 
is achieved by coating the glass fiber with a low-loss dopant such as GeO2 [8] or P2O5, [9-
10] which forms an exterior layer with a lower refractive index than the SiO2 core. This 
doped layer is referred to as the cladding, which can be further protected by a buffer 
coating. 
 Since these early discoveries, optical fibers have been used for a wide variety of 
applications, including communications, [11] manufacturing, [12] medicine, [13] and 
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sensing. [14] In particular, optical fiber sensing has become a popular technique with 
regards to biomedical applications. Optical fibers offer a multitude of advantages over 
conventional sensing techniques, as fibers are not susceptible to electromagnetic 
interference and possess a high tolerance for harsh environments such as high temperature 
and pressure. [14] Additionally, the small size of the fiber, generally with a diameter of 
250 µm or less, makes it minimally invasive in experiments such as tissue heat-mapping 
[15] and cryo-ablation. [16] Biosensing techniques have advanced significantly in recent 
years, allowing for sensing and imaging to occur at the single-cell [17-18] and single-
molecule levels. [19-20] 
 Within the past two decades, fiber optic cell sensing applications have begun 
immobilizing whole cells on the fiber surface to function as a light-producing, chemical-
sensing element. [21-26] One of the first such applications came in 2000, when Polyak et 
al. immobilized bioluminescent E. coli around an optical fiber tip. [22] These bacteria were 
genetically modified to luminesce in the presence of genotoxicants (i.e. mitomycin C, 
which damages cellular DNA), thus creating a microbial-based optical biosensor. In this 
study, bacteria were immobilized on an optical fiber tip using a calcium alginate matrix. 
While calcium alginate is a biocompatible matrix, it is prone to degradation due to gradual 
leeching of calcium, resulting in the sodium alginate, and thus reporter cells, dissolving 
back into solution. Additionally, this method provides little to no control over location and 
density of the immobilized bacteria, causing inconsistencies in bacterial population from 
one probe to the next. [21-22] More recent studies have transitioned from alginate matrices 
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to silica gels for cellular immobilization. [27] While this solves the issue of matrix 
dissolution, the limitations regarding density and spatial control of bacterial populations 
remains. 
 Recent studies from the Shear lab have utilized dynamic, mask-based multiphoton 
lithography to 3D print micron-scale protein structures around bacteria of interest. [28-32] 
The biocompatible, porous nature of these structures allows bacteria to exchange nutrients, 
waste, and sensing molecules with the surrounding environment. These qualities help 
facilitate the growth of discrete, high-density low-volume (as small as ~1 pL) bacterial 
populations. [32] Previously, these microstructures have been restricted to static coverglass 
substrates, [28-32] limiting their applications with regards to remote sensing. However, by 
translating this 3D printing technology from glass coverslips to optical fiber tips, we can 
overcome these spatiotemporal limitations. The research presented in this chapter details 
this technological advancement, opening exciting and previously unforeseen possibilities 
regarding dynamic distance studies and microbial sensing using discretely designed 
bacterial microstructures on the tip of an optical fiber. 
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4.2 MATERIALS AND METHODS 
4.2.1 Materials 
Tryptic soy agar (TSA, R455002) and tryptic soy broth (TSB, 8053765) were 
obtained from Remel and EMD Millipore, respectively. Gelatin type A from porcine skin, 
60 Bloom (160304) was purchased from EMS. Bovine serum albumin (BSA, 9048-46-8) 
was obtained from Equitech Bio. Rose Bengal (RB, 632-69-9), carbenicillin disodium salt 
(4800-94-6), and microscope coverslips (#1 borosilicate, 22x22, Lab-Tek) were purchased 
from Thermo Fisher Scientific. PDMS base and crosslink kits were purchased from 
Sylgard. Ethanol was purchased from Pharm Co (64-17-5). PDMS base and crosslink kits 
were purchased from Sylgard. Fiber optic (FG105LCA, TS1472053) and a corresponding 
fiber chuck were purchased from ThorLabs. Copper tape (16074), colloidal graphite paste 
(16053), and SEM pin stub mounts (16111) were purchased from Ted Pella. All reagents 
were stored and used according to supplier specifications. 
4.2.2 Optical Fiber Specifications 
A multimode fiber with 105 µm diameter pure silica core was used in all 
experiments. The core was surrounded by 125 µm diameter cladding composed of fluorine-
doped silica and 250 µm diameter acrylate coating. A numerical aperture (NA) of 0.22 and 
the presence of a low concentration of hydroxyl groups results in this fiber being best suited 
for visible to IR transmission, making it ideal for our purposes. For all experiments, fiber 
was cleaved using the SainSmart FC-6S Optical Fiber Cleaver. 
4.2.3 Bacteria Strains and Culture 
Wild-type Pseudomonas aeruginosa strains Pa01 and Pa14, each constitutively 
expressing GFP from plasmid pMRP9-1, were used in all bacterial studies. The plasmid 
 94 
 
was maintained using TSA plates dosed with 100 µg/mL carbenicillin. Planktonic cultures 
were grown aerobically overnight at 37 °C on a shaker set to 250 rpm, using the TSA plate 
to seed cells into a culture tube filled with 4 mL TSB. Following overnight culture, cells 
were diluted 1:50 into a fresh culture tube and allowed to grow on the shaker for an 
additional two hours to reach the desired experimental cell density of ~0.3 at OD600. 
4.2.4 Hydrogel Preparation 
Hydrogels were prepared using TSB, gelatin, BSA, and RB, as described in Chapter 
2 (Section 2.2.3) of this dissertation. Three hydrogel compositions were used during these 
studies in an effort to find the ideal combination of low cytotoxicity and high structural 
adhesion to the fiber core. The hydrogel with the lowest melting temperature (26 ºC) 
contained 40 mg/mL BSA, 150 mg/mL Type A 60 bloom gelatin, and 5.09 mg/mL RB, 
giving a final photosensitizer concentration of 5 mM. The final two hydrogels both had a 
melting temperature of 29ºC. Each contained 200 mg/mL Type A 60 bloom gelatin but 
differed in their respective concentrations of BSA and RB. One solution had 40 mg/mL 
BSA and 5 mM RB, while the second solution contained 80 mg/mL BSA and possessed a 
RB concentration of 7 mM (7 mg/mL). In studies without bacteria, solutions were mixed 
in 1 mL TSB. In studies using bacteria, the initial volume of each solution was 880 µL, as 
the addition of 120 µL from the bacterial culture tube served to dilute each solution to the 
desired concentration.  
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4.2.5 Use of PDMS Mold to Secure Fiber 
A circular PDMS mold was created by mixing PDMS base and crosslinker and 
allowing the solution to set overnight in a small plastic petri dish. Upon removing the 
PDMS mold from the petri dish, a small cross-cut was made using a razor blade through 
which a 1-inch segment of optical fiber was threaded and secured. Upon securing a glass 
coverslip in a Teflon fabrication well, a small droplet of hydrogel was placed on the 
coverslip. The PDMS mold and fiber were then quickly placed on top of the well in such a 
way that the tip of the fiber was submerged in the hydrogel prior to the solution fully 
setting. A schematic of this setup can be seen in Figure 4.1. 
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Figure 4.1: Fabrication Using PDMS Mold to Secure Fiber 
A solid, short cylinder made of PDMS was formed using base and crosslinker from 
a PDMS kit. A crosscut transecting the mold was made using a razor blade, creating 
the opening through with the fiber was threaded. A small, cylindrical hole was 
excised from the PDMS to allow for rinsing and removal of excess hydrogel while 
not disturbing the PDMS or fiber location. Upon threading the fiber through the 
PDMS crosscut, the fiber was manually manipulated to the desired height above 
the coverslip. Then, a small amount of fabrication reagent solution (~20 µL) was 
pipetted onto the coverslip and the PDMS mold immediately placed on top of the 
well such that the tip of the fiber was submerged in reagent. The hydrogel was 
allowed to set for 5-10 minutes at ambient temperature before fabrication began. 
4.2.6 Creation of Custom Stage 
A custom fiber optic mount was created for fabrication purposes to improve upon 
the spatial accuracy and manipulation of the PDMS mold. The mount, secured on a 
microscope stage insert, consists of three individually addressable microactuators 
controlling the x, y, and z-axes. These manipulate an attached fiber chuck through which 
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the optical fiber was threaded and secured in place. A schematic of the stage can be seen 
in Figure 4.2.  
 
Figure 4.2: Custom Fiber Stage Schematic 
Custom mount consists of three individually addressable microactuators controlling 
the x, y, and z-axes. These manipulate an attached fiber chuck through which an 
optical fiber is threaded and secured in place. The mount is attached to a microscope 
stage insert, which is slotted into an Axiovert 135 microscope stage. The Teflon 
well holding the hydrogel droplet (~15 µL) is placed below the fiber chuck and 
secured in place with tape, after which the fiber is quickly lowered and positioned 
~30 µm above the coverslip. The hydrogel is then allowed to set around the fiber 
for 5-10 minutes before fabrication begins. The stage is counterbalanced during 
fabrication using a metal weight on the opposite side of the Teflon well from the 
fiber chuck holder. 
 
To minimize movement of the mount during fabrication, a metal counterweight was placed 
on the side of the stage opposite of the fiber. To account for the increased height of the 
stage, any objective used during fabrication and/or imaging must be elevated using a 
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threaded adapter from ThorLabs. Additionally, the increased stage height removed the 
ability to use the existing microscope lamp housing. In its place, an independent fiber optic 
light source was used for illumination purposes during fabrication and imaging, as can be 
seen in Figure 4.3. 
 
Figure 4.3: Experimental Setup Using Fiber Optic Light Source 
Image showing use of fiber optic light source with a flexible neck in place of 
traditional microscope lamp housing. Due to the height of custom stage, the 
microscope’s lamp housing cannot be utilized, requiring the use of an auxiliary 
light source. The stage counter-weight can be seen on the left side of the image, 
wrapped in yellow tape. To the right of the counter-weight is the Teflon fabrication 
well, followed by the fiber, fiber chuck, and custom mount, the schematic of which 
is seen in Figure 4.2. 
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4.2.7 Structure Specifications 
Several different structures were fabricated on the untreated silica core of the fiber. 
To exhibit the flexibility of this technique, structures of varying size and shape were 
fabricated and imaged via both bright-field and SEM. The structures used in these 
experiments, all of which were solid (as opposed to having a hollow inner cavity), consisted 
of a cylinder, dome, pyramid, and rotating triangle. A schematic of each structure and their 
corresponding dimensions can be found in Figure 4.4. 
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Figure 4.4: Structural Schematics for Fabrication on Fiber 
Four structures of varying shape were used to display the flexibility present when 
fabricating on the tip of an optical fiber. (A) The most basic of the shapes was a 
solid cylinder, similar to the hollow cylinder used in bacterial studies. (B, C) The 
masks used to generate the dome and pyramid structures were inverted, resulting in 
each structure being rotated 180º during fabrication. This allowed for the base of 
each structure (i.e. – the side of the structure with the largest surface area) to be 
anchored directly to the fiber core. (D) The rotated triangle mask resulted in the 
most complex structure, with a triangular mask being rotated by 10º every 3 slices. 
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 Bacterial studies utilized one of two structures, either a small cylinder or a larger, 
stitched cylinder. The small cylinder possessed an inner cavity volume of ~1.5 pL, 2 µm 
thick cap, and 3 µm thick walls and base, giving an overall structure height of 5 µm. The 
large cylinder possessed an inner cavity volume of ~19 pL, 5 µm thick walls, and 4 µm 
thick base and cap, giving an overall structure height of 11 µm. Due to the size of the large 
cylinder and limitation of mask area available on the DMD, this cylinder had to be split 
into four separate quadrants, which were individually stitched together to make the final 
structure. A schematic of each of these structures can be seen in Figure 4.5. Masks used 
for all structures were created using the ImageJ macro language. 
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Figure 4.5: Structural Schematics for Bacterial Capture on Fiber Tip 
Schematic of structures used for bacterial capture on tip of optical fiber. (A) A small 
cylinder was used to capture single or dividing bacterial cells, requiring the use of 
fluorescence microscopy to determine cell location prior to fabrication. This 
structure was used during single-day experiments, when the goal was to fill the trap 
within 3-4 hours. (B) A larger, stitched cylinder was used to increase the probability 
of capturing bacteria on the fiber tip. While the large schematic shows a complete, 
un-sectioned structure, the structure itself was too large to fabricate in one single 
piece. Therefore, the top view shows the sectioning of the main structure into four 
separate wedges, each with a 4 µm support post in the inner corner to provide 
support and prevent structural collapse. This structure was used when a single 
bacterial trap on the tip was desired, and required overnight bacterial growth to fill 
completely. 
4.2.8 Fabrication Setup and Procedure 
Prior to fabrication, fabrication solution was diluted with 60 µL of bacteria 
suspended in TSB and mixed thoroughly at 37 ºC. A small droplet (~15 µL) was placed on 
a glass coverslip, which was secured via an O-ring in a Teflon sample well. The sample 
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well was then placed below the fiber chuck and secured in place with tape. Prior to full 
gelation the tip of the optical fiber was lowered into solution and positioned ~30 µm above 
the coverslip using the fine focus knob and the 10x air and 60x oil-immersion objectives, 
after which the solution was left at room temperature for 10 minutes to allow the hydrogel 
to fully set around the fiber. The gelation temporarily immobilized the bacteria in solution, 
allowing structures to be fabricated around the cells in situ onto the core of the optical fiber. 
 The need to ascertain bacteria location prior to fabrication was dependent on the 
size of the structure being created. If fabricating a small cylinder (Figure 4.5A), cells 
needed to be located beforehand to allow the cylinder to be positioned correctly and 
centered over the cell being captured. To accomplish this, a fluorescence lamp was used to 
visualize any bacteria present on or close to the core of the fiber. The image of fluorescent 
cells was then used as a map to guide the positioning of the small cylinder mask prior to 
fabrication. If fabricating a large, stitched cylinder (Figure 4.5B), location of bacteria prior 
to fabrication was unnecessary, as the structure itself covered almost the entirety of the 
core area. 
Immediately prior to fabrication, the focal point of the objective was positioned 
below the surface of the fiber at a distance ~2 µm less than the nominal (designed) height 
of the structure being fabricated, ensuring that the structure would successfully anchor to 
the fiber core. For example, if a structure were 20 µm tall, the focal point would be focused 
~18 µm below the surface of the core, and laser scanning would terminate nominally ~2 
µm within the fiber core. Upon final positioning, fabrication was initiated via custom 
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LabView software. An average laser power of 35 mW (measured at the back aperture of 
the objective) was used for all experiments. 
4.2.9 Post-Fabrication Procedure 
 Immediately following fabrication, 1 mL room temperature TSB was added to the 
sample well, and the portion of the well surrounding the fiber chuck was covered with a 
petri dish. The fiber optic mount was then placed in an incubator set to 37 ºC for one hour. 
This allowed the un-crosslinked hydrogel to melt, which was then rinsed and removed from 
the sample well using multiple aliquots of TSB warmed to 37 ºC. To help maintain 
structural adherence to the fiber core, the fiber was fully lifted out of the fabrication well 
following two or more gentle rinses, thus allowing a more vigorous rinsing to take place in 
the well in an effort to remove any residual hydrogel or bacteria adhered to the coverslip. 
Alternatively, a separate fabrication well containing fresh TSB could be swapped out with 
the well that was used during fabrication, thus removing any possibility that bacteria 
adhered to the original coverslip could interact with bacteria growing within the structures. 
Bacteria were then left to grow to the desired cell density. This usually consisted of 
allowing bacteria in the small structures to grow for 2-4 hours at 37 ºC, or overnight at 
room temperature for the large structures. 
4.2.10 Bright-Field and SEM Imaging 
Bright-field images of each structure were taken using a Zeiss Axiovert 135 
microscope coupled with a 10x air, 40x air, or 60x oil-immersion objective. Structures 
imaged via scanning electron microscopy (SEM) underwent SEM preparation following 
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previously determined protocol. [32] In brief, following fabrication, melting, and rinsing, 
the fiber tip was allowed to sit overnight in PBS buffer. The next day, the overnight buffer 
was removed, and the tip exposed to fresh buffer for 15 minutes. The fiber was then 
subjected to 2 mL each of the following solutions for 15-minute intervals: 5% 
glutaraldehyde in buffer, buffer, buffer, water, 50% ethanol, 50/50 ethanol/methanol, 100% 
methanol, 100% methanol. The fiber was then placed in the hood for an hour to dry, after 
which it was placed in a desiccator overnight to dry. Following dehydration and fixation, 
the fiber was attached to an SEM mount and sputter coated with a nominal 10 nm Pt/Pd 
layer using a Cressington Scientific 208HR sputter coater. The sample was then placed in 
a Zeiss Supra 40V SEM for imaging. 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Transition from Glass Rod to Optical Fiber 
As mentioned in Section 3.3.3, the process of transitioning fabrication from a 
stationary platform (glass coverslip) to a moveable tip required a number of adaptations to 
previously used protocols. [28-32] These adaptations became even more complex in nature 
upon advancing from layered hydrogels on a 1.85 mm diameter glass rod to fabricating 
directly on the surface of a 250 µm diameter optical fiber. Examples of experimental 
modifications required to make this new fabrication method successful include creation of 
a custom stage, employing an alternate illumination source, altering reagent properties, 
using fluorescence imaging for cell location prior to fabrication, and µ-3D printing a  
single, large cylinder using multiple, “stitched” portions that cover the majority of the fiber 
core.   
The benefits of using an optical fiber over a glass rod are numerous. Whereas glass 
rods provide a larger surface area, they are also extremely prone to breaking or cracking. 
Additionally, the thicker and more brittle nature of the glass rod make it difficult to obtain 
a flat surface for fabrication in a reproducible manner. Optical fibers are widely known for 
their flexible and non-invasive nature, [11-16] both of which are desirable qualities for the 
research described below. Additionally, fibers can be quickly and reproducibly cut using a 
fiber cleaver containing grooves that match the diameter of the fiber being used. Lastly, 
while not presented in this work, optical fibers also provide the possibility for real-time 
detection through the fiber core, a capability that solid glass rods lack. 
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4.3.2 Initial Fabrication Method Using PDMS Mold 
 Upon first attempting to fabricate on the surface of an optical fiber, a similar method 
was used as detailed in Chapter 3 regarding stabilization of the glass rod using PDMS. As 
shown previously in Figure 4.1, a segment of optical fiber approximately 1-inch in length 
was threaded through a cross-hatch in a piece of PDMS and secured over a fabrication well. 
Locating bacterial cells prior to fabrication proved to be difficult, as using the traditional 
method of identifying cells via bright-field microscopy was ineffective due to low contrast 
and resulted in numerous empty traps fabricated on the fiber surface. The simplest solution 
to this problem, using fluorescence microscopy immediately prior to fabrication to create 
a “map” of cells on the fiber surface, proved to be the most effective. An example of this 
can be seen in Figure 4.6. 
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Figure 4.6: Location of Cells via Fluorescence Microscopy Prior to Fabrication 
Transitioning from a coverslip to an optical fiber required a new method of locating 
cells prior to fabrication due to poor contrast between bacterial cells and hydrogel 
via bright-field microscopy. (A) Bright-field image showing the core of an optical 
fiber immersed in hydrogel containing P. aeruginosa cells, with no bacteria clearly 
visible. (B) Fluorescence image of same fiber core, clearly showing location of 
bacteria (marked with black arrows). 
 
 Once cells were located on the fiber core, the mask for the small cylinder structure 
shown in Figure 4.5A was centered over the area where the bacteria were detected, and 
fabrication was initiated. While this procedure  resulted in a greater probability of cells 
being captured during fabrication, the reproducibility of cell capture was still below 50%, 
indicating that further improvements could be made, such as preconcentrating exponential 
phase cells prior to mixing them into fabrication solution, thus creating a more dense cell 
population in the reagent droplet while maintaining the desired phenotypic state. An 
example of successful fabrication using this method can be seen in Figure 4.7, in which a 
cell was captured in a small cylinder, which filled to capacity after incubation overnight at 
room temperature (~20 ºC). 
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Figure 4.7: Cell Capture and Growth on Fiber Tip 
Capture of P. aeruginosa cells in one of three fabricated cylinders on tip of fiber. 
(A) Image of fiber tip after 2 hours of incubation at 37 ºC. While the top two 
cylinders show no cell capture, the bottom cylinder contains 6 bacteria. The two 
left-most arrows identify single bacterial cells, while the right-most arrow identifies 
a cluster of 4 cells. Cells were left to grow at room temperature (~20 ºC) overnight 
for ~16 hours. (B) Captured cell population after overnight growth at room 
temperature. Bacteria remained highly motile but securely contained within the 
protein structure. Planktonic bacteria seen outside the structure are a result of cells 
dividing that were originally adhered to the coverslip following rinsing. Additional 
rinsing remedies this problem. 
 
While structures were successfully fabricated on the fiber tip using this method, the 
reproducibility was very poor due to a lack of control over precise positioning of the fiber 
with relation to the hydrogel droplet and the coverslip secured in the Teflon well. 
4.3.3 Transition to Custom Stage and Fiber Optic Illumination Source 
A custom stage, seen in Figure 4.2, was created to address these issues. As the 
microscope lamp housing could no longer be used due to increased stage height, a portable 
light source with a flexible head was utilized for illumination during fabrication and bright 
field imaging. However, there was some trial and error in determining the best way to 
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illuminate the fiber tip using this light source. The first hurdle was locating the tip of the 
fiber pre-fabrication via bright-field microscopy. As seen in Figure 4.3, during fabrication 
and imaging the light is directed straight down the top of the fiber, illuminating only the 
fiber core. While this was a non-issue during and following fabrication, it presented a 
challenge when it came to locating the fiber tip and bringing it into focus prior to 
fabrication. Illuminating the fiber chuck and fabrication well from the side helped in 
locating the fiber but provided poor clarity of the fiber surface itself. Using both methods 
in a complementary fashion proved to be the most successful, i.e., locating the fiber and 
centering it over the objective via side illumination first, then focusing on the fiber surface 
and lowering the fiber to the desired distance from the coverslip via top illumination. 
Examples of each method can be seen in Figure 4.8. 
 111 
 
 
Figure 4.8: Different Illumination Methods Using Fiber Optic Light Source 
Imaging of optical fiber tip using independent fiber optic light source. Both images 
are of same optical fiber immersed in hydrogel. (A) Fiber tip illuminated from side. 
This illumination method is most useful for locating and centering the optical fiber 
over the objective, as the core is not clearly discernible at this angle. Lighter gray 
matter around fiber is hydrogel. (B) Fiber tip illuminated from top. While 
surrounding hydrogel can no longer be seen, the core is clearly distinguishable and 
in focus, allowing for fabrication on the fiber surface. 
 
To ensure the fiber core was sufficiently illuminated, the optical fiber had to be, at 
minimum, the length of the fiber chuck. 
4.3.4 Fabrication Using Custom Stage 
While the custom stage immediately made a significant difference in terms of 
precise positioning of the fiber tip, an immediate problem presented itself with regards to 
stage stability. Due to the flexibility and small size of the optical fiber, any minor 
disturbance of either the optical table directly, or caused by building vibrations (i.e., from 
a nearby jackhammer) would result in visible shaking/vibration of the fiber during 
fabrication. This resulted in poor anchoring of the structure to the fiber core, and overall 
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weak adherence both during and following rinsing. The first change was to add a counter 
weight to the custom stage, removing the unbalanced weight distribution of the stage itself. 
This counter weight can be seen in Figure 4.3. While creating a more equal weight 
distribution of the stage helped, it did not remove the shaking problem entirely. These 
problems were adequately resolved by using the counter weight in conjunction with 
floating the optical table. By floating the table, disturbances of both the table and building 
were minimized, allowing for vastly increased stability of the fiber during fabrication. 
Another challenge involved melting the un-crosslinked hydrogel in a homogenous 
manner. Unlike traditional fabrication, in which the fabrication well can be removed from 
the stage, covered with parafilm, and placed in the incubator, the fiber could not be moved 
until all excess hydrogel had fully melted. This meant that while the stage could be removed 
from the microscope, no piece of the stage itself could be adjusted in any way, as any 
jostling or movement of the fiber would result in the fiber ripping away from the set 
hydrogel. If this occurs, the fiber also rips away from the fabricated structures, which 
remain securely embedded in the un-melted hydrogel. To prevent this from happening, the 
entire stage was placed in an incubator set to 37 ºC for 45-60 minutes. While melting did 
occur using this method, it was inconsistent and at times incomplete during the rinsing 
process, in some instances resulting in small strips of un-melted hydrogel ripping away, 
causing loss of fabricated structures.  
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4.3.5 Creation of Custom Hydrogel and Adhesion Statistics 
To remedy this issue, the gelatin concentration in the hydrogel was decreased from 
200 mg/mL to 150 mg/mL, thus decreasing the melting temperature from 29 ºC to 26 ºC. 
While this solved the inconsistent melting issue, adherence to the fiber surface was 
extremely poor, an example of which can be seen in Figure 4.9. 
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Figure 4.9: Structural Adherence Issues Following Rinsing 
Decreased structural adherence at lower gelatin reagent concentrations. Structures 
presented here were fabricated with the 26 ºC melting temp hydrogel. (A) Four 
fabricated structures, imaged pre-melting and rinsing. (B) After 1 hour 40 minutes, 
only two of the four original structures remain, with one showing signs of partial 
detachment. (C) After 3 hours, both remaining structures show signs of detachment 
from the fiber core. 
 115 
 
Consistently poor adherence of µ-3D printed structures using the 26 ºC melting 
temperature hydrogel indicated that an alternative solution to the melting and rinsing issues 
needed to be found. As a result, the higher gelatin concentration reagent was again adopted, 
and a modification was employed in which a rectangular slot was cut out from a petri dish  
and introduced such that the modified petri dish could slide over the majority of the 
fabrication well without disturbing the fiber or fiber chuck. This approach sufficiently 
addressed the difficulties with melting and rinsing; however, while adherence improved, it 
still afforded only an approximate 50% success rate. 
 Using the data presented in Chapter 2, a custom hydrogel was created in an attempt 
to improve overall structural adherence. To prevent further melting issues, the gelatin 
concentration was established at a constant value of 200 mg/mL to maintain an ~29 ºC 
melting temperature. However, both RB and BSA concentrations were increased to 
evaluate whether an increase in crosslink density would result in stronger adherence to the 
fiber core. To maintain cytotoxicity at what was assessed to be an acceptable level, the RB 
concentration was increased only up to 7 mM (from the original 5 mM), while the BSA 
concentration was doubled from 40 mg/mL to 80 mg/mL. A comparison of adherence data 
for all three reagent mixtures used can be seen in Table 4.1. 
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Table 4.1: Adherence Data for Three Different Hydrogel Compositions 
Data was collected for three different hydrogels with regards to the reproducibility 
of structural adherence when used for fabrication on an optical fiber core. An 
increase in gelatin concentration resulted in just over a three-fold increase in 
adherence rate. However, further increase in gelatin concentration causes melting 
issues at 37 ºC, which is the optimal growth rate for cells being studied. By 
increasing both the RB and BSA concentrations, the percent adherence once again 
increased significantly. This increase is the max increase for RB before cytotoxicity 
becomes an increasingly present factor. The increase seen between Solution #2 and 
Solution #3 is likely due to an increase in BSA protein residues and RB singlet 
oxygen species, resulting in higher protein crosslink density and thus a stronger 
attachment to the fiber core. 
 
 RB 
(mM) 
BSA 
(mg/mL) 
Gelatin 
(mg/mL) 
Fraction 
Adhered 
Percent 
Adhered 
Solution #1 5 40 150 9/61 15% 
Solution #2 5 40 200 27/53 51% 
Solution #3 7 80 200 92/111 83% 
 
 
As predicted, an increase in RB and BSA concentration improved structural adherence to 
the fiber core while minimizing cytotoxicity. This is likely a result of the higher protein 
crosslink density producing a stronger attachment to the silica optical fiber core. An 
example of this increase in structural adherence and integrity can be seen in Figure 4.10. 
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Figure 4.10: Improved Adherence of Structures to Fiber Core 
Using hydrogel with higher RB and BSA concentrations greatly increased the rate 
of adherence to the fiber core. No bacteria were used in this experiment. (A) Fiber 
surface imaged immediately following fabrication, before melting or rinsing. Five 
small cylindrical structures can be seen on the core of the fiber. (B) Fiber surface 
following melting, rinsing, and 2 hours of heating at 37 ºC to mimic cell experiment 
conditions. All five structures remained securely adhered to fiber while maintaining 
strong structural integrity. Slight swelling of structures an artifact of irreversible 
hydrogel swelling at increased temperatures. 
 
 It should be noted that if cells are not involved in a fiber experiment, both RB and gelatin 
concentrations can be increased further to potentially achieve an even greater rate of 
structural adherence.  
4.3.6 Fabrication of Solid Structures of Varying Shape 
 To showcase the flexibility of this technology, structures of varying shape and size 
(schematics of which can be seen in Figure 4.4) were fabricated on the fiber core. This 
shows that shapes more complex than the simple cylindrical geometry described thus far 
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can be successfully fabricated on the fiber tip and deployed to any desirable location. 
Bright-field and SEM images of these fabricated structures can be seen in Figure 4.11. 
 
Figure 4.11: Varying Shapes Fabricated on Fiber Surface, Bright-Field and SEM 
Four different shapes were fabricated on the surface of the fiber. Each label is 
indicative of a specific shape, which are as follows: a – cylinder, b – pyramid, c – 
dome, d – rotated triangle. As can be seen, structures maintained strong adherence 
and high structural integrity following melting, rinsing, and SEM prep. (A) Bright-
field image of structures immediately following fabrication. (B) SEM image of 
structures. Dome (c) is difficult to distinguish due to the thickness of the Pt/Pd 
coating compared to the size of the structure. 
 
Recession of the fiber core in the SEM image is believed to be an artifact of the SEM prep 
process and did not impact the fabricated structures themselves.  
While no bacteria were used in these studies, it should be noted that any of the 
structures seen here can be modified to have a hollow interior, thereby allowing them to 
capture cells. This may be of interest in determining if bacteria act differently in structures 
of varying shape and size, as well as present the possibility of creating more complex, 
nested structures in the future. 
 119 
 
4.3.7 Transition from Small Cylinder to Large, Stitched Cylinder for Cell Capture 
While the small cylinder detailed previously in this section has proven to be a 
successful method of capturing cells, it is highly dependent on chance when it comes to 
how many cells will be close enough to the core of the fiber to allow capture. If no cells 
are present on the core prior to fabrication, the experimental preparation must begin again 
with the cleaving of a new length of fiber to be lowered into a fresh droplet of hydrogel. 
This can be a time-consuming process, and at the same time is wasteful of materials. To 
simplify the experimental procedure and eliminate this problem, the small cylinder mask 
was replaced with a much larger, stitched cylindrical structure with an inner cavity volume 
of 19 pL, a schematic of which can be seen in Figure 4.5B. This removed the need for 
fluorescence imaging to locate cells prior to fabrication, as the new structure possessed a 
large enough diameter to cover the majority of the fiber core. Additionally, fabrication 
solution was diluted with cells taken directly from an overnight culture tube, which had an 
optical density (OD) of 2-3 at 600 nm (as opposed to an OD of ~0.3 at 600 nm following 
dilution of the overnight culture and 2 hours of growth in a fresh TSB).  
An assumption was made that due to the high density of cells within the fabrication 
solution, there was a high probability that cells would be present within the 19 pL cavity 
of the trap. However, limitations on available fabrication area due to workable DMD 
surface area required the mask to be partitioned into four equal sections. Due to the large 
size of the overall structure, a small support post (4 µm in diameter) was added to the inner 
corner of each section. The first section of the structure was fabricated to have the center 
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point align with the center of the fiber. Each subsequent section was then positioned in 
such a way that the walls of the structure slightly overlapped on all sides, effectively 
“stitching” the structure together upon completion. 
Several modifications were made to the large cylinder mask before settling on the 
one presented in this chapter. For example, the original mask had 2 µm thick walls and an 
open base. However, it proved difficult to sequentially position four separate sections with 
the level of precision required to avoid any gaps from occurring between sections. This 
resulted in modifying the original mask to have the 5 µm walls presented here. 
Additionally, due to the size of the final structure, the outer walls themselves were not 
strong enough to keep the entire stitched structure adhered to the fiber core. Thus, a 4 µm 
base was added. This base had an added benefit of allowing the volume of the inner cavity 
of the structure to be known at all times, as without it the inner volume would undergo 
slight changes depending on how deeply each slice was fabricated (anchored) in to the fiber 
core. Lastly, the original structure had one central support post that was divided into four 
pieces upon sectioning of the mask. Due to the difficulty of lining these pieces up during 
fabrication, the central support post was replaced with four smaller support posts, one per 
section of the structure. 
The increased density of bacteria in the hydrogel resulted in a greater number of 
cells adhering to the coverslip during fabrication. These cells remained adhered following 
melting and rinsing procedures and grew to high densities following overnight growth at 
room temperature. This caused the TSB around the fiber to be cloudy, indicating a high 
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population of planktonic bacteria in solution around the fiber. This is not ideal, as the 
presence of these cells could impact the phenotypic state of the cells in the trap, potentially 
altering their growth patterns and their response to external stimuli. To solve this problem, 
the fiber was removed from the original fabrication well following melting, which was 
replaced with a different well containing fresh TSB. An image of a large-stitched cylinder 
prior to fabrication and after overnight growth can be seen in Figure 4.12. Note that no 
planktonic cells are visible outside the structure. SEM images of a stitched cylinder can be 
seen in Figure 4.13. 
 
Figure 4.12: Large Stitched Structure Before and After Overnight Bacterial Growth 
Large, stitched structure was fabricated from hydrogel containing dense population 
of P. aeruginosa cells. Following melting, Teflon well used during fabrication was 
replaced with new well containing fresh TSB. Cells were allowed to grow overnight 
(~16 hours) at room temperature, ~20 ºC. (A) Structure following melting of 
hydrogel and replacement of Teflon well used during fabrication. (B) Structure 
following overnight growth. Cells can be seen as white dots inside structure, one of 
which is identified with a black arrow. Cell culture was dense and highly motile. 
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Figure 4.13: SEM of Large, Stitched Cylinder on Core of Optical Fiber 
Large, stitched cylinder on fiber core. Raised seams crossing over structure 
represent where stitching occurred between sections. P. aeruginosa cells can be seen 
stuck to top of structure and coating of fiber, indicating that planktonic cells were 
present and dividing in solution during the growth period for trapped cells. 
Recession of fiber core believed to be an artifact of SEM prep, no discernible effects 
were visualized regarding fabricated structure. 
 
4.3.8 Comparison of Small Cylinder to Large, Stitched Cylinder 
As detailed above, both small and large cylinders are capable of being repeatedly 
and reproducibly fabricated on the core of an optical fiber, either with or without cells 
present. However, when considering future experiments, these two cylinders serve very 
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different purposes. When a single, monoclonal population is desired, the small cylinder is 
best suited in conjunction with a hydrogel containing a fairly low density of the desired 
bacteria. While it is possible to fabricate multiple small cylinders on a fiber core, as seen 
in Figures 4.7 and 4.10, a single small cylinder can also be fabricated around a cell with 
high accuracy when using fluorescence to locate bacteria prior to fabrication. This prevents 
multiple bacterial colonies from communicating with one another, which depending on 
what is being tested, could potentially skew results due to phenotypic changes triggered by 
nearby cell populations. 
 When a more diverse population of bacteria within the same strain is desired, the 
large cylinder is capable of trapping many cells at once. This also allows the final colony 
to more closely mimic physiological ailments, as bacterial infections rarely stem from a 
single bacteria. Lastly, this larger structure allows a much greater overall population of 
cells to grow due to an over 10-fold increase in cavity volume compared to the small 
cylinder. This could play an important role in future experiments where fluorescence data 
is collected through the fiber core. Depending on the sensitivity of the detector being used, 
a larger colony may be desired to generate the strongest fluorescence signal possible. 
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4.4 CONCLUSIONS 
 This chapter discussed utilizing the multiphoton lithography technique previously 
developed by the Shear lab to fabricate protein-based microstructures on optical fiber tips. 
During initial attempts to translate this technology from glass coverslip substrates to fiber 
tips, many challenges were faced, including fiber stabilization, cell location prior to 
fabrication, and maintained adherence of fabricated structures to the fiber tip. To solve 
these problems, a number of modifications to traditionally used techniques were made. 
This included the creation of a custom stage, use of a fluorescence imaging for cell location 
prior to fabrication, and customization of fabrication hydrogels. Using information 
gathered from the research detailed in Chapter 2 of this dissertation, fabrication hydrogel 
was optimized to secure maximum structural adherence while minimizing cytotoxicity to 
the bacterium being studied, P. aeruginosa. 
 Successful capture and growth of P. aeruginosa on optical fiber tips presents an 
exciting advancement in the fields of both micro-3D printing and bacterial study. While 
fabrication on optical fiber tips and microbial biosensors are both well researched topics, 
this is the first demonstration combining the two technologies. The ability to trap bacterial 
clusters of discrete population and density on a fiber tip opens up a vast array of research 
possibilities with regards to dynamic distance studies between bacterial populations, as 
well as microbial biosensors in which the density and phenotypic state of the sensing 
bacteria can be highly tuned and controlled. This technology will allow advanced study in 
both in vivo and in vitro environments through the precise delivery of well-defined 
microbial populations to remote environments. 
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Chapter 5: Review and Future Directions 
5.1 REVIEW OF WORK 
This dissertation describes my efforts towards the characterization and application 
of customizable hydrogels, as well as the advancement of our current micro-3D printing 
technology from a static to a dynamic platform. As discussed previously, hydrogels have 
been utilized and manipulated in a variety of different scenarios due to their tunable [1-4] 
and biomimetic properties, [5-7] making them highly desirable for use in the study of 
biological systems. [7-13] While hydrogels have been used extensively in the Shear lab, 
[7, 12-16] few efforts have been made to specifically characterize the impact that changes 
in key components, including BSA, gelatin, and RB have on overall hydrogel properties.  
The development of customizable hydrogels allowed for immediate breakthroughs 
to be made with regards to applications such as layered hydrogels and fabrication on optical 
fiber tips. Using the information gathered regarding the effects gelatin concentration has 
on hydrogel melting temperature, two hydrogels of markedly different melting 
temperatures were created and used in layering studies on the tip of a glass rod. With the 
assistance of a PDMS mold, two hydrogels of distinctly different gelatin concentration 
were reproducibly layered on a mobile glass rod. With the assistance of microbeads, the 
hydrogel-hydrogel interface was located and structures were successfully micro-3D printed 
in such a way that each structure was anchored in the high-melting-temperature hydrogel 
layer. This allowed for proof of concept experiments to be done regarding controlled 
delivery of protein microstructures via thermal manipulation. 
 129 
 
Technology surrounding structures attached to a moveable substrate was further 
expanded by successfully fabricating protein microstructures on the silica core of optical 
fiber tips. The transition of fabrication on an optical fiber was not without challenges, with 
many experimental modifications made including creation of a custom stage, location of 
bacterial cells on the core surface, and customization of hydrogel to encourage maximum 
adherence with minimal cell toxicity. To begin, both solid structures as well as those with 
a hollow inner cavity were fabricated on the silica fiber core to test reproducibility of 
structural integrity and adherence. Then, proof of concept studies were completed showing 
the successful capture and growth of bacteria in structures of varying size on fiber tips. 
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5.2 FUTURE WORK 
5.2.1 Study of “Unculturable” Bacteria 
It is widely known in microbiology that the vast majority of bacteria cannot be 
grown using current laboratory culture methods. [17-18] This is largely due to difficulties 
in creating culture mediums that mimic the wide array of bacterial hosts, such as soil, [19] 
seawater, [20] and the human gut. [21] Therefore, there is a pressing need to design a 
technology that provides environmentally-sensitive bacteria with favorable growth 
conditions. By successfully culturing previously “unculturable” bacteria, we will be able 
to better understand their functionality and dynamics through the use of genetic 
sequencing, antibiotic testing, and more. 
The results presented in all three chapters of this dissertation can be applied towards 
solving this scientific query. Using the hydrogel customization methods discussed in 
Chapter 2, hydrogels can be created to closely match a bacterial strains’ optimal melting 
temperature and susceptibility to photosensitizer, thus maximizing bacterial tolerance to 
the hydrogel in which they are suspended. These tailored hydrogels can then be used for 
either gel layering or capture of bacteria on fiber tips. Using the gel layering techniques 
detailed in Chapter 3 of this dissertation, bacteria could be captured at the hydrogel-
hydrogel interface. Following melting and rinsing away of the low-melting-temperature 
layer (thus rinsing away all excess, uncaptured bacteria), the captured bacteria could be 
released back into their native environments via thermally-driven controlled release. 
Alternatively, bacteria could also be captured in structures secured to optical fiber tips, 
after which the fiber tip could be re-submersed in the bacteria’s native environment (i.e. a 
marine water sample) to allow for bacterial growth to take place. 
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5.2.2 Dynamic Distance Studies 
Prior to the research detailed in Chapter 4 of this dissertation, significant limitations 
were present regarding the ability to conduct dynamic studies of bacterial interactions. By 
fabricating structures on a static substrate such as a coverslip, resulting bacterial clusters 
were immobile with respect to their surrounding environment. When attempts were made 
to study polymicrobial interactions, one of two situations occurred – either bacterial 
cultures were “nested,” which allowed close contact but restricted bacteria from 
establishing the precise distance required for maximum synergistic activity, [13] or free 
bacterial clusters suspended in a viscous matrix such as mucin were deposited surrounding 
a fabricated structure holding a bacterial population of the desired volume and phenotypic 
state, which allowed for “calling distances” to be established, but maintained no control 
over the placement of free bacterial clusters in relation to the fabricated trap. [22] 
Through capture and growth of bacterial clusters on a moveable fiber tip, precisely 
controlled dynamic distance studies can be conducted in a number of ways, using one or 
more optical fibers. For example, traps can be fabricated on both a static coverslip and the 
tip of an optical fiber, after which the fiber tip is slowly manipulated with respect to the 
trap on the coverslip. Alternatively, traps could also be fabricated on multiple fiber tips, 
each of which can be individually manipulated in one common environment, from simple 
growth media to a more complex in vitro biological system such as an excised wound. 
While the use of a coverslip and single fiber would allow for simpler experiments to be 
conducted, such as what distance between two species of bacteria causes a change from 
synergistic to adversarial behavior, the use of multiple fibers would allow for more intricate 
polymicrobial studies to take place in which there is simultaneous manipulation of multiple 
bacterial clusters and/or species. 
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5.2.3 Real-Time Fluorescence Sensing 
 
 Lastly, the work presented in Chapter 4 of this dissertation, in which bacteria are 
trapped on the silica core of a fiber, can be expanded further to take advantage of the 
inherent data transmission capabilities of optical fibers themselves. As mentioned 
previously, optical fiber technology has grown significantly in the past few decades, 
resulting in the creation of low-loss multimode optical fibers capable of carrying multiple 
modes of light across long distances. This technology combined with the ease with which 
bacterial strains can be genetically altered to allow for constitutive or strictly-responsive 
fluorescence/luminescence presents exciting opportunities in the field of microbial sensors. 
While microbial sensors are not a new phenomenon, [23-28] the ability to trap bacteria 
while precisely controlling their population and density is a previously unforeseen 
technique. 
 Using the technology detailed in Chapter 4 of this dissertation combined with a 
light-sensitive detector such as a photomultiplier tube (PMT), a real-time, deployable 
sensor could be developed for use in both in vitro and in vivo studies. For example, a 
bacterial strain genetically modified to exclusively fluoresce in the presence of quorum 
sensing (QS) could be trapped on an optical fiber and introduced to a remote location such 
as a chronic wound. Upon detection of QS molecules (thus indicating communication 
occurring between different bacterial populations), the captured cells would begin to 
fluoresce via a gfp expressor gene, and the light produced by this fluorescence would be 
transmitted through the optical fiber core and collected as photon counts by the PMT.  
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Real-time microbial sensors containing bacterial microclusters of physiologically 
relevant size and density present exciting future capabilities regarding the dynamic study 
of polymicrobial interactions. Due to the increasing prevalence of bacteria-induced medical 
issues such as antibiotic resistance, chronic wounds, and diseases like cystic fibrosis, there 
has never been a more important time to investigate the unique behaviors of bacteria and 
further our understanding of phenomena such as QS and formation of biofilms. The 
minimally invasive nature of optical fibers coupled with advances in multiphoton 
lithography create a unique experimental process that will allow for dynamic sensing to 
take place in a wide variety of scenarios. Combined with the customizable, biomimetic 
hydrogels presented in Chapter 2 of this dissertation, sensors can be created and customized 
for a wide variety of biological applications, occurring in both physiological (i.e. chronic 
wounds) and environmental (i.e. seawater) conditions. 
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